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Abstract

The recent advances in the development of coding metasurfaces created new opportunities to
elevate the stealthiness of combat aircrafts. Metasurfaces, composed of optimized geometries
of meta-atoms arranged as periodic lattices, are devised to obtain desired electromagnetic (EM)
scattering characteristics, and have been extensively exploited in stealth applications to reduce
radar cross section (RCS). They rely on the manipulation of backward scattering of
electromagnetic (EM) waves into various oblique angles. Despite potential benefits, a practical
obstacle hindering widespread metasurface utilization is the lack of systematic design
procedures. Conventional approaches are largely intuition-inspired and demand heavy
designer’s interaction while exploring the parameter space and pursuing optimum unit cell
geometries. Another practical obstacle that hampers efficient design of metasurfaces is implicit
handling of RCS performance. To achieve essential RCS reduction, the design task is normally
formulated in terms of phase reflection characteristics of the unit cells, whereas their reflection
amplitudes—although contributing to the overall performance of the structure—is largely
ignored. A further practical issue is insufficiency of the existing performance metrics,
specifically, monostatic and bistatic evaluation of the reflectivity, especially at the design stage
of metasurfaces. Both provide a limited insight into the RCS reduction properties, with the
latter being dependent on the selection of the planes over which the evaluation takes place. As
a consequence of raised concerns, the existing design methodologies are still insufficient,
especially in the context of controlling the EM wavefront through parameter tuning of unit
cells. Furthermore, they are unable to determine truly optimum solutions. Therefore, we have
introduced a novel machine-learning-based framework for automated and computationally
efficient design of metasurfaces realizing broadband RCS reduction. We have employed a
three-stage design procedure involving global surrogate-assisted optimization of the unit cells,
followed by their local refinement. In its final stage, a direct EM-driven maximization of the
RCS reduction bandwidth has been performed, facilitated by appropriate formulation of the
objective function involving regularization terms. Moreover, to handle the combinatorial
explosion in the design closure of multi-bit coding metasurfaces, a sequential-search strategy
has been developed that enabled global search capability at the concurrent unit cell
optimization stage. Latterly, the metasurface design task with explicit handling of RCS
reduction at the level of unit cells has been introduced that has accounted for both the phase
and reflection amplitudes of the unit cells. The design objective has been defined so as to
directly optimize the RCS reduction bandwidth at the specified level (e.g., 10 dB) w.r.t. the
metallic surface. The appealing feature of the said framework has consisted in its ability to
optimize the RCS reduction bandwidth directly at the level of the entire metasurface as
opposed to merely optimizing unit cell geometries. Besides, the obtained design has required
minimum amount of tuning at the level of the entire metasurface. Lastly, a new performance
metric for evaluating scattering characteristics of a metasurface, referred to as Normalized
Partial Scattering Cross Section (NPSCS), has been proposed. The metric involved integration



of the scattered energy over a specific solid angle, which allows for a comprehensive
assessment of the structure performance in a format largely independent of the particular
arrangement of the scattering lobes. Our design methodologies have been utilized to design
several instances of novel scattering metasurface structures with the focus on RCS reduction
bandwidth enhancement and the level of RCS reduction. Experimental validations confirming
the numerical findings have been also provided. To the best of the author’s knowledge, the
presented study is the first systematic investigation of this kind in the literature and can be
considered a step towards the development of efficient, low-cost, and more high performing
scattering structures.
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Chapter 1

1 Introduction

1.1 Introduction

The observed rapid advancements in the detection and stealth technology, has made the
improved stealth performance of the military targets is highly desirable. With the advent of
different types of radars featuring advanced electronic equipment, the research on reducing the
observability of the military targets has been rapidly evolving. Under the impetus of the
development of science and technology, the contemporary wars have been gradually
transformed into the modern ones largely dependent on electronic information. In order to
master the initiative in modern warfare, and to improve the survival rate of military targets,
i.e., aircraft, missiles, tanks, and ships, it is imperative to develop target stealth technology.
The improvement of the stealth technology can reduce the detection range of the target, the
detection probability of the target, and improve the lethality and survivability of the weapons
in the war, which is of great strategic significance.

Nowadays, many countries are conducting research on the fifth-generation fighter jets to
improve their air superiority on the battlefield. The important aspect to improve the
performance of the fighter jets is to reduce their observability from the enemy radars. Initially,
the research on the stealth technology of the military targets started in America. As early as
the 1950s, different technologies were used to improve the stealth performance of the aircraft.
In 1945, a “quasi” type stealthy aircraft was produced, namely, the U-2 high flying
reconnaissance aircraft [1]. It was small in size and passive in the airborne navigation system.
Its fuselage was coated with the radar absorbing materials (RAM) to reduce the scattering of
radar waves. The SR-71 reconnaissance plane produced in the 1960s [1], with the wing body
fusion technique for the first time, replacing the right angle reflection structure with a smooth
transition, which significantly reduced the radar cross-section of the entire machine. The F-
117 was the most famous stealthy jet due to its special shape, which was developed in the
1970s by the US [2]. The polyhedral fuselage technique was used to reduce the RCS, but
compared with the later B-1B and B-2 bombers (aircraft) [3], the stealth performance was
relatively poor. In the 1980s and 1990s, the stealth performance of the aircraft improved more
significantly, as the new stealth aircrafts such as F-22 Raptor [4] and F-35 Flash [4] were
introduced. Stealth performance of these aircrafts increased their superiority and advantage
over other fighter aircrafts. In 2010, Chinese armed forces deployed J-20 [5] as a stealth aircraft
for the offensive and defensive operations. J-20 has the ability of high stealth, high sense of
potential, and high manoeuvrability. It has a delta flyer shape or triangular designated form.
Overall, its weight and stealth performance is similar to US F-35 [4]. According to the defence
experts, F-35 (US), SU-57 (Russian), and J-20 (Chinese) are the best currently available stealth
aircrafts. Figure 1.1 shows the photographs of the J-20 and F-35 stealth aircrafts.

The stealth performance of the object is generally determined by the scattering ability of its
surface. If the surface of the object scatters more, it means that the object has a lower stealth



performance as more of the incident signals are transmitted back. Similarly, if the surface of
the object scatters less, it indicates that the surface has a stealth property. The scattering from
the surface of the targets is generally defined in terms of the radar cross section (RCS). The
scattering ability of the target to the incident electromagnetic wave (EM) determines the stealth
performance of the target. The scattering ability is usually described quantitatively by RCS, so
it is necessary to reduce the target RCS to achieve the goal of invisibility to radars. In the recent
years, the main methods for reducing RCS have been as follows: geometry modification
technique, adding absorbing material, and active and passive cancellation of EM waves [6],
[7]. In the modification technique, the structure of the target is modified in order to reduce the
RCS. With the use of absorbing material, the RCS of the target can also be reduced by
absorbing the incoming EM waves. These two techniques have been effectively and commonly
used in the past.

The state-of-the-art approach proposed for RCS reduction is based on destructive
interference, as conceptually shown in Fig. 1.2. The original idea was to bring together
artificial magnetic conductor (AMC) with 0° and perfect electric conductor (PEC) with 180°
reflection phase coefficient in a chessboard-like configuration [8]. As the incident wave
impinges on the chessboard-like surface, the induced current densities re-radiate in phase and
out of phase. Thus, by using the array theory the superposition of the reflected fields becomes
zero at 6 =0°, [8].

ihis g G
_,-/.u/fﬂ‘.o

(@ I-20 (b) F-35

Figure 1.1: Photographs of the stealth aircrafts J-20 and F-35 [84]



Figure 1.2: Scattering concept based on the method of destructive interference [84]

Alongside improving the RCS reduction bandwidth of artificially-engineered surfaces,
some preliminary studies have been also carried out to facilitate and optimize the design
procedure by applying heuristic methods [9], [10]. Although such algorithms are capable of
solving complex optimization tasks, they often end up at local extrema. Notwithstanding, the
broadband RCS reduction is a necessity to improve the stealth performance of the system. In
the recent years, the researchers have shown a great interest in reducing the RCS of the
artificially engineered surfaces to achieve low observability from the radars.

1.2 Contribution of the Thesis

The contributions of this thesis have been described in five journal publications that
constitute Chapters 3 through 7. These are publications selected from the overall record of the
candidate (six journal articles) prepared during his Ph.D. study. Their common theme is the
development of low scattering metasurfaces with the emphasis on design optimization.

= Paper #1: Metasurfaces have been extensively exploited in stealth applications to
reduce radar cross section (RCS). We propose a surrogate-based approach for rapid
design optimization of checkerboard metasurfaces. Our methodology involves fast
metamodels, and a combination of surrogate-assisted global optimization with local,
gradient-based tuning. It permits an efficient control of the EM wave reflection
characteristics, and ensures arriving at that the globally optimum solution within the
assumed parameter space. The framework is employed to develop a novel
broadband checkerboard metasurface. According to our conducted experiment, the
proposed structure outperforms the designs reported in the literature.

o Bibliographic Note:
M. Abdullah and S. Koziel, “Surrogate-Assisted Design of Checkerboard
Metasurface for Broadband Radar Cross-Section Reduction,” IEEE Access,
vol. 9, pp. 46744-46754, 2021.



Paper #2: We introduce a novel machine-learning-based framework for automated
and computationally efficient design of metasurfaces realizing broadband RCS
reduction. Our methodology is a three-stage procedure that involves global
surrogate-assisted optimization of the unit cells, followed by their local refinement.
The last stage is direct EM-driven maximization of the RCS reduction bandwidth,
facilitated by appropriate formulation of the objective function involving
regularization terms. The appealing feature of the proposed framework is that it
optimizes the RCS reduction bandwidth directly at the level of the entire
metasurface as opposed to merely optimizing unit cell geometries. We applied the
proposed framework to several metasurface designs reported in the literature; it
leads to the RCS reduction bandwidth improvement by 15 to 25 percent as compared
to the original designs.

o Bibliographic Note:

S. Koziel and M. Abdullah, “Machine-Learning-Powered EM-Based
Framework for Efficient and Reliable Design of Low Scattering
Metasurfaces,” IEEE Trans. Microwave Theory and Tech., vol. 69, no. 4,
pp. 2028-2041, April 2021.

Paper #3: This study is concerned with the development and design optimization
of coding metasurfaces featuring broadband RCS reduction. Here, we adopt a two-
stage optimization procedure that involves data-driven supervised-learning,
sequential-search strategy, and direct EM-based design closure of the entire
metasurface oriented toward maximizing the RCS reduction bandwidth. By
applying the aforementioned algorithmic framework, a novel two-bit coding
metasurface has been developed. It has been validated using simulation and
measurement results that the proposed metasurface outperforms similar structures
in literature in terms of all of the considered performance figures.

o Bibliographic Note:

M. Abdullah and S. Koziel, “Supervised-Learning-Based Development of
Multi-Bit RCS-Reduced Coding Metasurfaces ,” IEEE Trans. Microwave
Theory and Tech., vol. 70, no. 1, pp. 264-274, Jan. 2022.

Paper #4: One of the practical obstacles hindering efficient design of metasurfaces
is implicit handling of RCS performance. In this study, we presented a novel
formulation of the metasurface design task with explicit handling of RCS reduction
at the level of meta-atoms. Our methodology accounts for both the phase and
reflection amplitudes of the unit cells. The design objective is defined to directly
optimize the RCS reduction bandwidth at the specified level (e.g., 10 dB) w.r.t. the
metallic surface. The benefits of the presented scheme are twofold: (i) it provides a
reliable insight into the metasurface properties even though the design process is
carried out at the level of meta-atoms, (ii) the obtained design requires minimum
amount of tuning at the level of the entire metasurface.



o Bibliographic Note:

S. Koziel, M. Abdullah, and S. Szczepanski, “Design of High-Performance
Scattering Metasurfaces through Optimization-Based Explicit RCS
Reduction,” IEEE Access, vol. 9, pp. 113077-113088, 2021.

= Paper #5: A practical obstacle in the development of diffusion metasurfaces is the
insufficiency of the existing performance metrics, specifically, monostatic and
bistatic evaluation of the reflectivity. Both provide a limited insight into the
metasurface properties. We proposed a novel performance metric, referred to as
Normalized Partial Scattering Cross Section (NPSCS), for evaluating backward
scattering properties of a metasurface. The metric involves integration of the
scattered energy over a specific solid angle, which allows for a comprehensive
assessment of the structure performance in a format largely independent of the
particular arrangement of the scattering lobes. It has been demonstrated using two
specific application examples that the introduced metric can be used to discriminate
between the various surface configurations (e.g., checkerboard versus random),
which cannot be conclusively compared using traditional methods.

o Bibliographic Note:

M. Abdullah, S. Koziel, and S. Szczepanski, “Normalized Partial
Scattering Cross Section for Performance Evaluation of Low-Observability
Scattering Structures,” Electronics, vol. 10, pp. 37656-37667, 2021.

1.3 Thesis Organization

The remainder of the thesis is organized into six chapters. Chapter 2 delivers a brief
background on the radar systems, RCS reduction, and the key components of design process,
namely periodic structures and surrogate-based modelling. A literature review is provided as
well. In Chapter 3, the surrogate-assisted design procedure, enabling the development of high-
performance checkerboard metasurfaces is described, and its main components are outlined.
Within this chapter, a detailed discussion on the utility of the proposed methodology is
provided, supported by the design of a novel checkerboard metasurface for broadband RCS
reduction. Moreover, simulations and measurements are conducted for both monostatic and
bistatic RCS reduction to verify the efficiency and feasibility of the proposed design procedure.
Chapter 4 extends the previous design procedure, and introduces a three-stage design
optimization strategy that involves machine-learning at the level of the unit cell design,
followed by a gradient-based local refinement. The last stage is direct EM-driven
maximization of the RCS reduction bandwidth at the level of the entire metasurface, facilitated
by appropriate formulation of the objective function, which involves the regularization terms.
Moreover, the practical utility of the introduced algorithmic framework is demonstrated in the
context of broadband scattering metasurface design using three application examples. In the
last part, a novel metasurface architecture is introduced featuring over one hundred percent
relative RCS reduction bandwidth. In Chapter 5, a systematic and efficient approach to
globally optimum multi-bit coding metasurface design is introduced, based on the supervised-
learning based algorithms. A detailed discussion of the data-driven modelling procedure and
formulating the design problem in a sequential manner is addressed. Towards the end, a novel



high-performance two-bit coding metasurface is presented that offers broadband RCS reduction
as well as exhibits angularly-invariant characteristics. In Chapter 6, a novel metasurface design
task formulation is presented. It involves explicit handling of RCS reduction at the level of meta-
atoms and it accounts for both the phase and reflection amplitudes of the unit cells in the
formulation. A detailed discussion on the novel way of formulating the design problem as well
as surrogate-based modelling procedure is provided. In the latter part, a discussion about the
utility of the new methodology as well as benchmarking its performance against standard
methodologies is given. Simulations and measurements results are also presented to verify the
efficacy of the new design methodology. Chapter 7 introduces a new performance metric,
referred to as Normalized Partial Scattering Cross Section (NPSCR), for evaluating backward
scattering properties of metasurfaces. Further, the underlying concepts behind RCS of scattering
metasurfaces, as well as is relation to monostatic and bistatic characteristics are investigated.
Later on, a formal definition and mathematical formulation of a novel performance metric is
given. Furthermore, the significance of the metric is demonstrated through benchmarking of two
specific metasurface architectures.

Chapter 8 concludes the thesis by summarizing the conducted works over the course of this
Ph.D. work, highlighting possible challenges and open questions, as well as drawing potential
directions for the future research.



Chapter 2

2 Background and Literature Review

Radar Cross-Section (RCS) is an essential object signature that determines the detectability
of an object by a radar. Reducing RCS is a principal demand in military and civil applications.
The concept of RCS reduction (or stealth) has been a topic of attention since World War 1II
[11], and has faced many challenges up to now. In 2007, Paquay et al. proposed an effective
method for reducing RCS of an object based on the theory of destructive interference [12]. To
date, the principle of RCS reduction based on the idea of destructive interference has been
widely acknowledged; this approach has been based upon the design of unit cells with 180°
reflection phase difference, and employing them in a configuration that results in far-field
power cancellation. In terms of practical realization of this concept, artificial magnetic
conductor (AMC) and similar periodic structures can be precisely designed to satisfy the 180°
reflection phase difference condition. Machine-learning-based modelling techniques can be
implemented to facilitate the design process, and to optimize the structures implementing RCS
reduction to ensure their best possible performance. This chapter provides an overview of the
main components of the research conducted under this Ph.D. work, and also reviews some of
the widely utilized approaches adopted by other researchers to accomplish RCS reduction of
targets.

2.1 Radar Systems

Although utilization of radio waves for communication started in the early 1890s, the radar,
as we know it now, was formally introduced in the time of World War I1. Radar detection
holds several advantages over other systems. Since radio waves experience a much lower
atmospheric attenuation during propagation as compared to optical waves, radar system has a
potential to detect a target long before it becomes optically detectable. Furthermore, as it
utilizes radio waves and antennas, it is just as effective at night (dark) as during the daylight.
An additional advantage is that the radar system does not demand auxiliary sources of energy,
other than radar transmitters and receivers, to illuminate the target: being an active-device
system, it monitors its own electromagnetic echo.

An understanding of electromagnetic theory and microwave engineering is instrumental in
designing or countering radar systems. The fundamentals thereof are out of the scope of this
work. The necessary material on electromagnetic theory and microwave engineering can be
found in [13]-[17]. Additionally, an exposition of a basic knowledge of antenna theory has
been provided in [18].

For a precise target detection, radar systems necessitate highly-directional radiation beams
for both the transmitter and the receiver. Typically, realization of such challenging
requirements is handled by employing large arrays of antenna elements. In particular, radiation
patterns featuring narrow beams and low side lobe levels can be implemented using phased
antenna arrays. As the pattern properties depend on the spacing between the individual antenna



elements and the relative phase of their excitation, the main radiating beam can be scanned (at
a considerably high scanning rate) from one direction (angle) to another without any
mechanical re-positioning in the radiating/receiving systems [18], [19].

As shown in Figure 2.1, based on the relative position of the transmitter and the receiver,
radar systems can be broadly classified into two categories:

= Monostatic Radar system: both the transmitter and receiver are at the same location;
= Bistatic Radar system: transmitter and receiver are located at two different positions.

Transmitter + Receiver

(@)

Target/Scatterer = o

Receiver

Transmitter

(b)
Figure 2.1: Radar Systems: (a) monostatic, (b) bistatic with bistatic angle of 25 [84]



2.2 Cross-Sections and Their Fundamental Relations

A target can be characterized by several types of cross-sections, which determine the
effects of the incident wave on the target in relation to the incident power density. They are
important in terms of characterization of the target or scatterer. Further, an understanding of
relations between these cross-sections is pivotal in quantifying the scattering or absorption
capabilities of the target.

2.2.1 Absorption Cross-Section (o)

Every object has the capability to absorb a part of the incident power and convert it to
other forms of energy (i.e., heat or thermal energy). If we consider a receiving antenna as a
target/scatterer, a part of the incident power will be absorbed and transmitted to the coupled
receiver. The residual of the incident energy primarily gets re-radiated/scattered. Hence, the
absorption cross-section oa is defined as the power P, absorbed by the target, normalized to
the incident power density S; [20].

_RW) 2
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where Pg is the power absorbed by the target and S; is the incident power density.

O'a(mz) =

2.2.2 Scattering Cross-Section (os)

As mentioned in the previous sub-section, the residual power intercepted by the target
primarily gets re-radiated/scattered after the absorption. Similarly to the definition of
absorption cross-section, the scattering cross-section is defined as the power removed by the
target, using scattering mechanisms, normalized to the incident power density [20].

__RW) 22)
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where Ps is the scattered power scattered and S; is the incident power density.

Note that the above definition presumes that the scattered energy is isotropically spread over
all possible directions, which is not possible in practice [21].

2.2.3 Extinction Cross-Section (o)

The collective incident energy withdrawn by the target through absorption and scattering,
normalized to the incident power density, is known as the extinction cross-section (ae) [20].

o, (M) =0, +0, (2.3)

where o, and o is the absorption cross-section and scattering cross-section, respectively.
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2.2.4 Bistatic Cross-Section (ob)

As mentioned earlier, the scattered energy has been assumed to be distributed
isotropically. This assumption does not hold in practice, which fostered a development of other
types of cross-section metrics. In reality, all targets exhibit certain scattering patterns F(kr), the
meaning of which is similar to the radiation pattern of an antenna [18]. Therefore, the energy
scattered in any particular direction kr can be obtained in a way similar to the power radiated
in a particular direction, namely, with the help of directivity patterns of an antenna:

P =D, k)P, =D, (k)a.S, (2.4)

where Ds(kr) is the directivity of the scattered pattern F(k) in the direction k. Similarly, the
bistatic cross-section (on) along the direction k; is defined as:

P(k) I|m4 st(k
| R, >0 Si

(2.5)

o-b(kr) = Ds (kr)o-s = Ds (kr)

In addition, in the far-field, the power density of an electromagnetic wave can be
sufficiently described using only one of the electric field E or magnetic field H, as in [18]

2
i

2 (2.6)

where 7 is the medium’s intrinsic impedance. Substituting (2.6) in (2.5), the bistatic cross-
section becomes:

(k)
E[

This bistatic cross-section as expressed in (2.6) is commonly referred to as Radar Cross-
Section (RCS) [18].

op(K,) = I|m Az R2| (2.7)

2.3 Radar Equation and Importance of RCS Reduction

Before we proceed further, it is deemed important to derive the radar range equation
(RRE). We can derive RRE in its basic form using elementary geometrical principles for both
the Bistatic and Monostatic Radar systems. Besides, we will revisit the validity of the
definition which we used in (2.5) to define bistatic cross section.

2.3.1 Bistatic Radar System

The power density radiated from the isotropic radiator (e.g., isotropic antenna) at a far-
field distance Ry(St ) can be derived by dividing the transmitted power (P;) to the surface area
of the sphere over which it has been evenly spread

S.% = lim R

fim (2.8)




When a directional antenna is involved, the power density at a point in space is multiplied
by the overall gain of the directional antenna in that particular direction, Gt (6, ¢).
Consequently, the expression of a generic power density at a distance R is written as:

PG

S = lim —4— 2.9
! F<t|£>r3047rRt2 (29)

As a result, we can obtain the power intercepted and re-radiated by the target positioned at (6,
¢, Ri) with respect to the radiator by simply multiplying the RCS of the target (ov) by St R

RR = lim Sh%

2.10
Ri—0 47rth ( )

In a similar manner, the power density received by the receiving antenna (radar)
positioned at Ry in the far-field region can be obtained as:

R
8% = lim L = Jim OpRG 2.11)
Ro=47R " Ro=(47R7)(47R7)

Finally, the power intercepted by the receiving antenna (radar) can be determined by
multiplying the effective aperture of the receiving antenna to the received power density. Since
the effective aperture of any antenna can be defined as [18]:

2
A= Gr_’I (2.12)
A
Therefore, the power intercepted by the receiving antenna is given as:
2
PR =S A = lim &4 BRG (2.13)
glrjgg Az (47R°)(47R.%)
Consequently, the bistatic cross-section can be written as:
R 2 2
e G, 2°RG,

At first, the definitions (2.5) and (2.14) seem to be inconsistent with each other. According
to (2.5), the bistatic cross section on is only dependent on Ry, however, (2.14) implies its
dependency on both R; and Rr. To demonstrate that both the definitions (2.5) and (2.14) are
equivalent, let us first substitute the definition of effective aperture of (2.13), into (2.14), which
leads to

R 2 2
&, = lim > (47RO(E7R) (2.15)
iz RG
Furthermore, the expression (2.9) for S can be substituted to (2.15), which results in
. , S f
o, = erlinw 47R, SrRt (2.16)

R —o t
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The definition (2.16) is same as derived in (2.5) for the bistatic cross-section. At this point,
it becomes clear that the bistatic cross section is not explicitly dependent on Ry; yet it is
indirectly dependent on R; through the definition of S; Rt as given in (2.9).

2.3.2 Monostatic Radar System

Monostatic Radar system is a special case of Bistatic Radar system where the transmitting
and receiving antennas (radars) are positioned at the same place (i.e., Rt = Rr = R); therefore,
the received power can be simplified into

— Grﬂ“2 Oy Pth

PR = 4n (GrRY (2.17)

Additionally, if the radar system employs the same antenna for both the transmission and
reception purposes (i.e., Gt = Gr = G), then the received power can further be simplified into:

2192
R Sl (2.18)
(4r)°R*

It is known that every receiver requires a certain level of minimum power of the received
signal (PR" = Pmin) o that it can discriminate the actual signal from the noise and other
interfering signals. This is typically characterized by the Signal to Interference-Noise Ratio
(SINR). Hence, using (2.18) and the minimum power level Pmin we can define the maximum
radar detection range as:

ngtGZ//iz 1/4

It can be noticed that reduction of RCS of any target by 10 dB (i.e., making it 10 percent
of the original value), the maximum detection range of the radar becomes half of the original
detection range.

2.3.3 Target Detection by a Radar System

To illustrate the formation of the target’s signature and the fundamentals behind the target
detection, let us consider a square plate made of a perfect electric conductor (PEC) of the
dimension 5A x 5A. For illustration purpose, we have considered two angles of incidence:
(i) normal incidence (i.e., 0° in Fig. 2.2), and (ii) oblique incidence (i.e., 30° in Fig. 2.3).
Figures 2.2 and 2.3 depicts the incident fields, the scattered field, and bistatic RCS patterns.
The latter corresponds to the respective scattered field patterns. Note that scattered fields in
the forward direction are as strong as the incident fields, and they are 180° out of phase. It is
evident from the plots of bistatic RCS patterns (cf. Fig. 2.2(c) and Fig. 2.3(c)) that the bistatic
cross-section is substantial in the forward scattering direction. This is the primary explanation
why radar systems can detect the target from their signature since it corresponds to the high
bistatic cross-section. On the other hand, in order to make the target completely invisible from
the radar systems, it is necessary to remove the scattered fields from each and every direction.



This has been recently conceptualized in [22], [23] with the use of metasurfaces and antenna
arrays.
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Figure 2.2: Square PEC surface of SAx5)\ under normal incidence: (a) incident fields,
(b) scattered fields, and (c) bistatic cross-section [84]
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Figure 2.3: Square PEC surface of 5A x5\ under oblique incidence: (a) incident fields,
(b) scattered fields, and (d) bistatic cross-section [84]
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2.4 Fundamentals of Metasurfaces

Since the beginning of the 21st century, advanced manufacturing technologies, such as
nano-fabrications, have encouraged scientist and researchers around the globe to think beyond
natural materials. They started paying more attention to artificially engineered materials,
referred to as metastructures. Typically, these are three-dimensional (3D) structures. Their
unique properties are realized by arranging an array of small scatterers or artificial magnetic
conductor (AMC) unit cells in a 3D space. The term metamaterial refers to structural
characteristics that are more interesting than artificial dielectrics; however, they can still be
categorized as bulky materials, in the same way as natural materials. Nevertheless, their
extraordinary properties make these metamaterials highly versatile considering their operating
frequencies, which can range form the low microwaves to optical. This, in turn, makes them
ideal for purposes that include but are not limited to antennas, resonators, dielectrics, switches,
EM-shielding, low-reflection materials, perfect lenses, cloaking, and, of course, stealth
applications. On the downside, as the AMC unit cells need to be deployed in a 3D space, the
practical utility of these metamaterials in real-world applications is questionable. This issues
inevitably shifted the effort of exploration—in the first decade of the 21st century—from
optimizing a 3D arrangement of the metamaterials to the arrangement of metasurfaces on a
two-dimensional (2D) surface. More recently, metasurfaces have been gaining more attention
than metamaterials owing to their simplicity and relative ease of fabrication. This is to be
expected, given that metasurfaces 2D take up less physical space than their counterparts, 3D
metamaterial structures.

2.4.1 Periodic Structures

Periodic structures are arrays of identical elements (typically called unit-cells), arranged
along one, two, or three dimensions [24]. A unit-cell is characterized as a building block of a
periodic structure, and it repeats itself with inter-element distance called periodicity [24]. An
illustration of a 2D planar periodic structure of an arbitrary geometry and periodicity of px and
py has been shown in Fig. 2.3, [24]. In electromagnetic (EM) design, periodic structures are
implemented using metallic patches on dielectric slabs, metallic conductors, and dielectric
materials. Printing metallic patches on dielectric substrates through these architectures is a
popular implementation approach, primarily due to the ease of fabrication. Furthermore, the
properties of patch-based periodic architectures are mainly characterized by the patch topology
and its geometrical dimensions, where the relative permittivity &, thickness h, and the unit-
cell periodicity in x- and y-direction (px and py, respectively) are the major contributing factors
controlling the frequency characteristics [25].



Figure 2.4: Schematic of a two-dimensional periodic structure with periodicity of px and py in
the x- and y-direction, respectively [24].

To characterize a particular behavior of unit-cell-based periodic structures, several
approaches are available, categorized as: (I) multi transmission line models, (2) lumped
element model, and (3) full-wave numerical methods [25]. The first two approaches are only
limited to simple architectures. They are not very accurate considering the number of
approximations involved in the analysis. Full-wave numerical methods are available for a
variety of structures, and they have the capacity to evaluate several EM characteristics of
periodic architectures with substantially high accuracy. In the past decade, with powerful
computing technology and sophisticated numerical techniques, several commercial software
packages have surfaced and facilitated researchers and designers to design complex, novel and
high-performance periodic structures. The commercial full-wave simulation software applies
numerous numerical techniques such as finite-difference time-domain (FDTD), finite element
method (FEM), and method of moments (MOM), to solve EM characteristics of the periodic
structures [25]. All these methods solve Maxwell’s equations under certain boundary
conditions to characterize the EM behavior [26].

In this thesis, a commercial full-wave EM simulation software package CST Microwave
Studio (mainly its frequency- and time-domain solver) is utilized, primarily based on FDTD
and FEM method, to design and characterize unit-cell as well as the developed metasurfaces.
The FDTD and FEM methods are among the most widespread numerical techniques for
solving the field problems[27], [28].

2.4.2 AMC Unit Cell

Artificial magnetic conductor (AMC)-based unit cells fall under the category of
electromagnetic band-gap (EBG) structures. Generally, EBG structures are characterized by
a dispersion diagram, surface impedance, and reflection phase [25]. When a plane wave
intercepts the EBG structure, an in-phase reflection coefficient analogous to the AMC surface
becomes of interest. Therein, the corresponding AMC surface realizes perfect magnetic
conditions (PMCs) over a specified frequency bands [25]. The PMC surfaces do not exist in
nature; nevertheless, they can be artificially engineered by employing a sequence of metallic
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patches on the top of the dielectric medium grounded by the uniform PEC sheet [33]. On the
PMC surface, the incident and reflected E fields are in phase whereas the H fields are out of
phase, therefore the total tangential H field is zero. Further, the amplitude of reflection
coefficient is unity (one), and the corresponding phase is 0° [25], [33]. Since the AMC cells
are backed by a uniform PEC sheet, all incident energy is reflected. As a result, the magnitude
of the reflection coefficient is one (in lossless environment). In a similar vein, the reflection
phase difference between the incident and reflected waves varies as a function of frequency
[34]. Other critical parameters that contribute to the overall functionality of AMC unit cells
are the incident and polarization angles. To date, various AMC topologies have been explored
to improve functional bandwidth, oblique incidence and polarization independency [35]-
[37]. In this thesis, we introduced novel AMC-based unit cell geometries to enhance their
functional bandwidth, and incident angle stability.

2.4.3 Literature Review

Back in 1947, George Sinclair, the founder of the ElectroScience Laboratory (ESL) at
Ohio State University, United States, proposed that an antenna was considered a target with
strong scattering ability. Subsequently, many scholars began to discuss and study the
scattering mechanism, and RCS control methods of the antenna. In 1949, D.D. King
discussed the importance of the surface current distribution within the antenna to the RCS
and backscattering, and drew the effect of the antenna load impedance on the scattering
amplitude and the scattering pattern of the antenna [38]. In 1952, the backscatter
characteristics of a cylindrical antenna in the case of short circuit and the matched load were
studied [39]. The expression for the scattering field based on the conjugate matching
conditions for the antennas was considered in [40], which fostered research on the antenna
scattering technology. Afterwards, many theoretical considerations have been carried out
during the 1990s. Low RCS of antennas can be obtained by changing the propagation
direction of the target scattering peak away from the direction of the radar receiver.
Ultimately, the radar receivers would not be able to pick the scattered signals, and the antenna
surface would become of low observability to the radars. The radar signals could also be
absorbed by the antenna surface. Consequently, four main techniques have been extensively
studied in the literature in the context of the reduction of the target RCS, including radar
absorbing materials (RAMS), reshaping of the target surface, using active cancellation, and
passive cancellation methods [41]. RAMSs use the absorption mechanism to reduce the
reflected energy from the target surface. This absorption mechanism is mainly due to the
several types of losses associated with the dielectric or magnetic properties of the material
[42].

Based on the loss mechanisms, the radar absorbing materials can convert the incident
electromagnetic energy into another form of energy. This results in minimizing the scattering
from the surface, leading to low RCS. In [43], [44], the RCS reduction of different surfaces
was implemented using RAMSs, but it was concluded that the absorbing behavior of the
surface is restricted to a narrow bandwidth.



Figure 2.5: Top and bottom view of the modified antenna for RCS reduction [45].

The antenna surface can be reshaped to realize low scattering performance. Antenna
reshaping techniques are often based on the analysis of the current distribution on the surface
of the metallic patch during the radiating state of the antenna. The region that contributes less
to the antenna radiation can be observed, and then the structure of antenna surface can be
reshaped accordingly to reduce the RCS without affecting the antenna radiation performance.
In [45], the RCS reduction of the UWB planar octogonal antenna was achieved by the
geometrical shaping method. The structure of the modified UWB planar octagonal antenna
can be seen in Fig. 2.5. With the employment of the reshaping technique, the surface of the
target was modified to redirect the incoming electromagnetic energy (EM) away from the
surface. The drawbacks of the reshaping approach include possible effects of reshaping on
the radiation performance of the antenna, and the narrowband nature of the RCS reduction.

Without using wideband absorbers and reshaping the surface, the incident waves from
the radars can be redirected to other directions by using negative-indexed materials. Over the
past decade, the manipulation of EM waves has received tremendous interests, underpinned
by the advent of the transformation method [46], [47], and metamaterials [48]. A wide variety
of novel devices, such as invisibility cloaks and advanced lenses, have been realized in
electromagnetics and other fields. Metamaterials are subwavelength artificial composites,
based on periodic or non-periodic unit cells, that pave the way for unusual properties that are
unavailable in nature.

As a new class of metamaterials, metasurfaces have been extensively utilized to generate
the abrupt interfacial phase changes, for manipulating waves propagation, to analyze the
reflective and transmissive properties, and to provide the unique way to redirect the incoming
electromagnetic (EM) waves into various directions [49]-[53].

The unusual physical properties of metamaterials such as negative refraction can be
utilized to realize low RCS. Many researchers have applied metasurfaces to reduce RCS of
different surfaces. In [49], a combination of the perfect electric conductor (PEC) and artificial
magnetic conductor (AMC) was employed in a periodic arrangement, chessboard
configuration, to reduce the scattering of the surface as depicted in Fig. 2.6. Due to the 180°
phase difference between the reflection of AMC and PEC, the waves reflected from AMC
and PEC cancel each other when the incident electromagnetic wave is perpendicular to the
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Figure 2.6: Arrangement of AMC and PEC structure in chessboard configuration [49].

surface. The chessboard structure scatters the electromagnetic energy into four main lobes at
(p=45°, 135°, 225°, and 315°), therefore, the backward RCS decreases significantly.
However, due to the narrow band of out of phase reflection between AMC and PEC, the
bandwidth of the RCS reduction was very narrow as well. In particular, the 10 dB RCS
reduction was achieved over the relative bandwidth of only five percent.

To overcome the issue of the narrow-bandwidth RCS reduction, the combinations of
AMCs with different configuration [50], [51] or different sizes [52], [53] were proposed to
fulfill the phase cancellation criteria. The idea is to utilize the out-of-phase reflection of the
unit cells to achieve the effective cancellation over a wider frequency band. Furthermore,
these unit cells were arranged in a chessboard-like configuration to scatter the reflected
energy into four diagonal directions with low level of scattered energy in the normal
direction. In [50], 10 dB RCS reduction of the polarization-dependent surface was achieved
over a relative bandwidth of 32%. The low scattering surface is subsequently integrated with
the antenna for realized gain enhancement. In [51], the RCS reduction of the microstrip
antenna was attained using the combination of two differently sized AMCs, arranged in a
chessboard configuration, with the maximum RCS reduction of 31.9 dB. The design of
AMCs based on Jerusalem crosses with different sizes was used in [52] to achieve 10 dB
RCS reduction of the surface over a relative bandwidth of forty percent. In [53], low RCS of
the circularly polarized (CP) array antenna was proposed by using tightly-coupled
anisotropic element in a chessboard configuration. The in-band and out-of-band RCS
reduction of the array antenna was also achieved.

Many researchers also implemented the electronic band gap (EBG) and frequency
selective surfaces (FSS) to realize the RCS reduction of antennas. Every method has its
advantages and disadvantages. For practical applications, we need to select appropriate
methods to reduce the RCS of the antenna, according to the various performance
requirements. Usually, RCS reduction in broad frequency range is highly desirable for stealth
applications.

The RCS reduction from 3 GHz to 10 GHz bandwidth was achieved by using the
combinations of FSS and microstrip resonators in [54]. Therein, the radiation performance
of the microstrip antenna was less affected by the inclusion of the resonators. In [55], using
the EBG structures, hexagonal and square shaped checkerboard surface was designed to
reduce the RCS of the surface over the relative bandwidth of 60%.
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Figure 2.7: The structure of hexagonal shaped chessboard surface [55].

The hexagonal-shaped checkerboard surface can be seen in Fig. 2.7. It has also been
expounded that the hexagonal shaped checkerboard surface redirects the incoming EM
energy into six main lobes and it reduces RCS to a higher extent as the square-shaped
chessboard surface.

In addition to the above methods, polarization conversion metasurfaces (PCM) were
applied to reduce the RCS of the antennas. In [56], a technique for reducing the RCS of the
antenna was implemented based on a fishbone-like element. The PCM was generated by the
chessboard arrangement of the fishbone-like element and its mirror image, which greatly
widened the RCS reduction bandwidth of the slot array antenna. The RCS reduction of Fabry-
Perot (F-P) cavity antenna was reduced by using the combination of PCM and partially
reflecting surface (PRS) in [57]. The antenna gain was increased by 7 dB, and its RCS
reduction was achieved in the range of 9-20 GHz by using the phase cancellation principle.
The average RCS reduction of 12.4 dB was obtained over the designed frequency band. In
[58], the holographic surface was used to reduce the RCS of the antenna. The holographic
surface is formed by using the four differently sized square shaped metallic sheets, which
help to change the surface impedance periodically. After the holographic surface was
designed, it was further loaded to the slot antenna array to achieve the RCS reduction. The
principle thereof was associated with the working band of the holographic surface, over
which the incident waves from the radar can be transformed into the surface wave. Therefore,
the backscattered energy from the surface of the slot antenna array can be minimized.

To further reduce the RCS of the surfaces, an approach based on the coding metasurfaces
was proposed in [58]. The RCS reduction was achieved by controlling and adjusting the
phases of different coding elements named “0” and “1”. The coding sequences of the
metasurfaces can be optimized to further improve the RCS reduction properties. Nowadays,
the research on the RCS reduction of the antenna is considered a hot topic due to its
importance in practical applications. Many researchers are currently working on the
associated problems that include the following questions: (i) how to keep the antenna
radiation characteristics unaffected while reducing the RCS; (ii) how to reduce the RCS over
the broad frequency range; (iii) how to reduce the in-band and out-of-band RCS. Therefore,
it is important to explore such widely defined areas to further improve the performance of
the stealth systems.
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2.4.4 Existing Design Methodologies

The development of AMC unit-cell-based periodic structures (i.e., metasurfaces) involves
handling of individual unit cell designs, as well as concurrent adjustment of their design
variables. Thus far, numerous metasurface structures have been presented to achieve wideband
RCS reduction [47]-[58]. Therewithal, the lack of reliable theoretical models compels
conventional design methodologies to mostly rely on empirical reasoning, physical intuition,
or trial and error. Additionally, a substantial involvement of human interaction makes such
approaches laborious and ineffective. Further, they are time consuming due to the involvement
of full-wave EM simulations to characterize the performance of AMC structures. Altogether,
the aforementioned downsides pose serious concerns pertaining to the efficiency of
experience-driven design practices, as well as their capability of finding truly (presumably
global) optimum solutions. Considering the practical design measures, the problem is
additionally exacerbated by highly non-linear input-output relationships between the design
variables and the system responses. An additional obstacle limiting efficacious design of
metasurfaces is implicit processing of RCS reduction characteristics. To accomplish essential
RCS reduction, the design task is typically formulated in terms of phase reflection
characteristics of the AMC unit cells. More precisely, it has been discussed in the literature
that 10 dB RCS reduction can be provided over a frequency band if the phase difference
between the two meta-atoms remains within the 180° + 37° range [54], [58]. On the contrary,
their reflection amplitudes—although contributing to the overall performance of the AMC
structure—are principally ignored. To handle this, a novel formulation of the metasurface
design task with explicit handling of RCS reduction at the level of AMC unit cells is required.
Altogether, the aforesaid challenges call for a new algorithmic solution that enable efficient
development of high-performance metasurfaces going beyond interactive approaches, and
permits design automation, reliability, and computational efficiency. Over the last decade,
extraordinary advancements in computing hardware and software drastically boosted the
popularity and extensive use of rigorous EM-driven design methodologies, principally based
on numerical optimization [63]. Nevertheless, direct EM-based optimization of metasurface
architectures may be prohibitively expensive when using traditional optimization algorithms,
especially when global exploration is needed. A practical workaround is a utilization of
machine learning techniques [59]-[62], [64], [65], together with surrogate-based modeling
methods [63], [66]. By doing so, the computational burden can indeed be shifted to a cheaper
representation of the structure at hand, thus expediting the design process. In the related vein,
incorporation of other means such as problem decomposition [66], may also aid the parameter
tuning process and facilitate global exploration, otherwise infeasible when operating directly
on EM simulation models.



2.5 Design Optimization

This section presents a brief overview of numerical optimization that falls within the scope
of the thesis. A short summary of standard optimization techniques, including gradient-based
methods and population-based metaheuristics, as well as surrogate-based modelling
techniques is a part of the discussion.

The metasurface optimization problem is formulated as the following nonlinear
minimization task [67]:

X =arg minU (R (X)) (2.20)

Here, Rr € R™ represents the EM simulation response vector of the metasurface
performance characteristics of interest, e.g., the RCS reduction characteristics |Rreq| evaluated
at m different frequencies; x € R" is a vector of metasurface designable variables to be adjusted,
and U is a given scalar merit function encoding the design specifications, e.g., a minimax
function with upper and lower specifications. The vector x* is the optimal design to be
determined. The composition U(R#(x)) represents an objective function. As per definition
(2.20), the objective function should be defined so that better designs correspond to the smaller
values of U.

Figure 2.8 illustrates a particular example of design specifications for the RCS reduction
characteristics. In this case, the objective function U(R#(x)) is defined as the continuous
frequency range for which the condition |Rreq| > 10 dB holds. In other words, it is the RCS
reduction bandwidth.

For the rest of the section, the composition U(R¢(x)) will be denoted using an abbreviated
symbol of f(x). In certain cases, the problem (2.20) is a constrained one. Three different sets
of constraints can be considered:

= Lower and upper bounds for a vector of designable variables, i.e., I < Xp < Up,
b=1,...,m;

e Equality constraints, i.e., Ceqi(X) =0, | =1, ..., Meg, Where Meq is the number of
constraints;

e Inequality constraints, i.e., Cineq(X) <0, I =1, ..., Mineq, Where Mineq is the number
of in equality constraints.

Typically, design constraints are introduced to ensure that the device or the system (e.g.,
metasurface architecture) to be evaluated by the simulation software is physically valid (e.g.,
so that the unit cells and other elements of the architecture do not overlap, etc.). Further, the
constraints can be implemented to make sure that the physical dimensions (length, width, and
area) or selected characteristics of the structure is within the assumed values.

Figure 2.9 presents a typical flow of simulation-driven design optimization, here, gradient-
based search. Typically, it is an iterative process where the solutions determined by the
optimizer are validated by evaluating the structure at hand using the EM solver. Moreover, the
search process is guided either by the model response itself or by the response gradients. In
the subsequent sections, we briefly discuss gradient-based optimization techniques as well as
population-based metaheuristics.
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Figure 2.8: Exemplary design specifications for metasurface optimization. The objective
function U(R#(x)) is defined as the continuous frequency range for which the condition |Rreqd|
> 10 dB holds. In other words, it corresponds to the RCS reduction bandwidth.
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Figure 2.9: A flowchart of gradient-based simulation-driven optimization. The search process
can be guided by the model response or by the response and its derivatives [66].

2.5.1 Gradient-based Optimization Methods

Gradient-based techniques are amongst the most widely utilized class of optimization
methods [67]. Therein, the exploration is dependent upon the derivatives of the objective
function. Assuming that the merit function f(x) is sufficiently smooth (at least continuously
differentiable), the gradient Vf = [of/oxy offox ... ofloxa]" delivers the information about the
descent of f in the vicinity of the design at hand. Particularly,

f(x+h)= f(x)+VF(x)h< f(x) (2.21)

if h is a descent direction, i.e., Vf(x)-h < 0. Specifically, h = —Vf(x) is the steepest descent
direction. Though it is beneficial to follow this direction while away from the optimum,
steepest descent techniques manifest poor overall performance and are not commonly used in
practice [68]. A more practical approach is a conjugate-gradient method, where the search
direction h is determined by the previous direction hi.; and the current gradient. We have



h=-Vf(xD)+yh _, (2.22)

One of the widely utilized approaches for selecting the coefficient yis the Fleecher-Reeves
method where

VE ()T VF (X)
= _ . 2.23
VE(XTO)TVE (X7 (223
The subsequent design x*? is computed from the existing one x@ as:
X = x® 4 oh (2.24)

The selection of the step size « > 0 relies on the line search or obtaining information from
the second-order derivatives [69].

The Newton and quasi-Newton methods belong to another class of optimization techniques.
If f is at least twice continuously differentiable, a second-order Taylor expansion of f can be
defined as:

f(x+h)= f(x)+Vf(x)h+%hH(x)h (2.25)

where, H(x) is the Hessian of f at x, i.e., H(X) = [0*f/0Xjox]jk =1
approximation of the optimal solution can be computed as:

n. It entails that the next

-----

XD = xO L TH ()] VF (X) (2.26)

The algorithm (2.26) delivers extraordinarily fast (quadratic) convergence rate; however, it
is only applicable if the initial point is sufficiently close to the optimal solution and the Hessian
is positive definite at all iterations [68]. Altogether, the aforesaid conditions are hardly ever
satisfied, hence, the algorithm (2.26) is impractical. As an alternative, a variety of damped
Newton techniques have been adopted [69].

Trust-region (TR) algorithms [70] also belong to gradient-based optimization approaches.
The TR method iteratively approaches a local minimum of the objective function f by
generating a series of approximations x®, i = 0, 1, ..., to the optimum design x”. These are
typically determined by optimizing the linear expansion model

LY(x) = f (xD)+VF (xD).(x—xD) (2.27)
In the i*" iteration of the TR algorithm, the following optimization task is solved

x'" =arg X;_d(i)gl(i_rxl(i)sd(i) U (LY (x)) (2.28)

The vector d© is the TR region size decided using the standard guidelines [70], i.e., based
on the gain ratio p = [URX™Y)) — URENIULD(xMD)) — ULD(xD))] (actual versus
linear-model-predicted objective function improvement). The inequalities —d® < x — x® < d®
in (2.28) are understood component-wise. Due to the fact that the designable variable ranges
in metasurface architectures may be drastically different for various parameters (e.g., fractions
of millimetre for gaps and tens of millimetres for ground plane width, etc.), the search region
is characterized here as a hypercube rather than a ball |[x — x®|| < & (Euclidean norm with
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scalar TR radius). This—while deciding the initial size vector d© proportional to the design
space sizes—enables similar treatment of variables with dramatically different ranges. The TR
algorithm is the major local optimization approach utilized in this thesis.

In the framework of EM-driven design optimization, utility of gradient-based method is
limited, when applied directly on full-wave models. They are relatively expensive due to the
need of evaluating the system response gradients through finite differentiation, as well as
because of the high EM simulation cost of complex structures. In some instances, it is possible
to expedite the procedure by exploiting adjoint sensitivities but these are only accessible—
among commercial solvers—through CST [71] and HFSS [72], and only for a limited number
of practical cases.

2.5.2 Metaheuristics and Global Optimization

Metaheuristics are derivative-free methods that exhibit features beneficial from the
perspective of handling various practical optimization problems: (1) global exploration
capability; (2) capacity to handle non-differentiable, discontinuous, or noisy cost functions;
and (3) capability to handle multimodal (i.e., those featuring multiple local optima) and multi-
objective problems. Metaheuristics are developed based on the observation of natural
processes such as biological or social systems. They have the capability to avoid getting stuck
in local optima and converge towards a globally optimal solution of the problem at hand. Some
of the popular methods of this class include genetic algorithms (GAs) [73], evolutionary
algorithms (EAS) [74], evolution strategies (ES) [74], particle swarm optimizers (PSO) [75],
differential evolution (DE) [76], and firefly algorithm [68].

A typical flow of a population-based metaheuristic algorithm, pertinent to methods such as
GAs or EAs, is the following [67]:

1. Initialize the population P (a random process);

2. Evaluate individuals in the population P;

3. Choose parent individuals S from P;

4. Apply recombination operators to create a new population P from parent individuals
S;

Apply mutation operators to introduce local perturbations in individuals of P;

6. If the termination condition is not satisfied go to 2;

7. END.

o

Population-based metaheuristics are suitable methods whenever the evaluation time of the
objective function is low, or the computational budget is of concern. These technique are
preferred for solving multimodal tasks. In the realm of antenna design, their primary
application are antenna array optimization problems, specifically pattern synthesis [77], [78],
as long as the array is evaluated using the analytical array factor model. At the same time, due
to their high computational complexity, population-based metaheuristics are not recommended
for direct handling of full-wave electromagnetic simulation models.



2.5.3 Surrogate Modelling/Machine Learning

Traditional numerical optimization techniques are—in their majority—robust methods, yet
their utility for handling contemporary design challenges in high-frequency engineering is
limited primarily due to the high computational cost of EM simulations. Recently, one of the
promising ways to address these issues, in particular, to perform parametric optimization of
expensive simulation models in a decent timeframe, has been surrogate-based optimization
[79].

The fundamental idea behind surrogate-based optimization is to replace direct handling of
the expensive computational model by an iterative process, in which a sequence of
intermediate designs approaching the solution to the original optimization problem is
generated by means of optimizing a fast yet reasonably accurate representation of the high
fidelity model, referred to as a surrogate [79]. Therein, data-driven surrogates represent the
major and arguably the most popular class of surrogates. Their popularity stems from the
following appealing features:

= Data-driven models can be constructed without a prior knowledge about the physical
system at hand,

» They are generally based on algebraic models;

= They are universal and, therefore, easily transferrable between various problem
domains;

» They are cheap to evaluate.

At the same time, data-driven models usually require substantial amounts of training data
to ensure the accuracy. Further, the number of training samples grows rapidly with the
dimensionality of the parameter space (so-called curse of dimensionality) [79]. This is a
serious limiting factor, especially when the model is to be constructed over broad ranges of the
system parameters, and the system outputs are highly nonlinear.
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Figure 2.10: A generic procedure of constructing data-driven surrogate models [79].
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A generic flowchart of the data-driven surrogate modeling process is shown in Fig. 2.10.

One of the most popular modeling methods of this class, utilized in this work, is kriging.
Kriging is a method for interpolating deterministic noise-free data [80]. It is a Gaussian
process-based modeling technique, extensively used for building interpolating surrogates in a
wide range of applications [80], [81]. For the convenience of the reader, a brief summary of
the method is provided below assuming the scalar output of the system at hand. Generalization
for vector-valued functions is straightforward. In its fundamental formulation, kriging assumes
that the function, denoted as f(x), is of the form

f(x)=9(x)" B+Z(x) (2.29)

where g(x) = [91(X) g2(X) ... gn(X)]" are known (e.g., constant) system responses, 8= [/ /% ...
/] are the unknown hyperparameters, and Z(x) is a realization of a normally distributed
Gaussian random process with zero mean and variance o®. The regression term g(x)"#serves as
a trend function for f, whereas Z(x) handles localized variations. The covariance matrix of Z(x)
is given as

Cov[Z(xD)Z (xD)] = 2R([R(xD, xD)]) (2.30)

where R is a p x p correlation matrix with Rjj = R(x®,x®), and R(x?, x¥) is the correlation
function between data samples x® and x®. One of the most popular choice is the Gaussian
correlation function

ROGY) =exp| -1 6, i, | (2.3

where é are the unknown correlation parameters, and x« and yx are the k™ components of the
vectors x and y, respectively. The kriging predictor is defined as [80]

s(X)=g(x)" g+r" ()R (h—Gp) (2.32)

where r(x) = [R(x, W) ... R(x, xP)] T, f = [f(xV) f(x@) ... {xP)]", and G is a p x N matrix
with Gij = Pj(x™). The vector of model parameters 4 can be determined as

B=(G" RG)'G"Rf (2.33)
Towards the end, model fitting is realized by maximum likelihood scheme for &
—pIn(c®)+In| R[]/ 2 (2.34)

Here, both o2 and R are functions of ék.



2.6 Optimization Methods Utilized in this Work

The problem considered in this work is to find optimal AMC unit-cell designs as well as
corresponding metasurface architecture featuring RCS reduction in a broad frequency range.
The design task is principally handled through two independent stages of the optimization
process. The initial stage involves global surrogate-assisted optimization of the AMC-based
unit cells, followed by their local refinement. The final stage is the direct EM-driven
maximization of the RCS reduction bandwidth at the level of the entire metasurface, enabled
by problem specific formulation of the objective function involving regularization terms.
Below, we give a brief overview of the developed approaches, the details can be found in the
remaining chapters of this thesis.

The aim of the initial optimization stage, i.e., machine-learning-based approach, is to find
a pair of unit cell designs featuring the phase difference within the range of 180° + amax over
a possibly broad frequency range F. In order to achieve that, the surrogate model representing
the unit cell phase characteristics is constructed using kriging interpolation [80]. The surrogate
the vector of designable variables and their corresponding EM-simulated response, whereas N
denotes the total number of samples. Rectangular grid-based design of experiments strategy is
employed to sample the training data, which is a suitable arrangement for the cases where the
parameter space is low-dimensional. Having cheap surrogate at hand, global optimization is
performed in an exhaustive manner, based on a structured grid. In plain words, the optimal cell
designs are determined by exploring all possible combinations of unit cell geometries, and
finding the one that minimizes the objective function (here, maximizing the frequency range
for which the phase difference between the two cells remains within 180° + amax). After
identifying the optimal pair of cells, the local refinement is executed using gradient-based
search[82].

In the final optimization stage, i.e., to extend RCS reduction bandwidth at the level of the
entire metasurface, we utilize a trust-region (TR) [70] gradient search algorithm (cf. (2.27),
(2.28)). Therein, the construction of the Taylor expansion model requires the knowledge of the
Jacobian matrix, which is estimated using finite differentiation in the first iteration, then
updated by the adaptive application of the rank-one Broyden formula [82]. Additionally, a
regularization approach is also implemented to efficiently manage frequency-localized
violations of the RCS reduction threshold that occur while extending the overall reduction
bandwidth. The overall procedure is fast due to the availability of a good initial design obtained
at the initial optimization stage.

In some cases, a binary coded genetic algorithm [77] is used at the last stage of the
metasurface design process in order to find the optimal composition of the unit-cells by
globally optimizing array factor-based approximation model [58], [83].
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ABSTRACT Metasurfaces have been extensively exploited in stealth applications to reduce radar cross
section (RCS). They rely on the manipulation of backward scattering of electromagnetic (EM) waves into
various oblique angles. However, arbitrary control of the scattering properties poses a significant challenge
as a design task. Yet it is a principal requirement for making RCS reduction possible. This article introduces
a surrogate-based approach for rapid design optimization of checkerboard metasurfaces. Our methodology
involves fast metamodels, and a combination of surrogate-assisted global optimization with local, gradient-
based tuning. It permits an efficient control of the EM wave reflection characteristics, and ensures arriving
at that the globally optimum solution within the assumed parameter space. The design procedure is fully
automated. The framework is employed to develop a novel broadband checkerboard metasurface, where
the RCS reduction is fundamentally based on the backward scattering manipulation carefully controlled by
simultaneous adjustment of the unit cell dimensions. The properties of the structure are demonstrated using
simulated monostatic and bistatic RCSs. The proposed metasurface exhibits 6 dB RCS reduction within the
frequency range from 16 to 37 GHz. The numerical results are validated using physical measurements of the
fabricated prototype. Experimental data indicates that the relative RCS reduction bandwidth is 83 percent,
which makes the proposed structure outperforming the designs reported in the literature.

INDEX TERMS Metasurfaces, surrogate modeling, scattering manipulation, checkerboard configuration,
radar cross-section (RCS). broadband.

I. INTRODUCTION

The advancements in the field of metamaterial technology
have opened the new paths to numerous applications, such
as invisibility cloaks, gradient index lenses, polarization con-
verters, holograms, unique antenna designs, and many oth-
ers [1]=[4]. Metasurfaces, two-dimensional equivalents of
metamaterials, are planar patterned surfaces composed of
subwavelength periodic arrays of unit cells [5]. Owing to
their extraordinary capability of manipulating the scatter-
ing behavior of the electromagnetic (EM) waves, the pop-
ularity of metasurfaces has been steadily increasing in the
field of stealth technology [6]. Therein, the primary concern
is to reduce the radar cross-section (RCS) to evade from
the enemy’s radar, which can be achieved by diminishing

The associate editor coordinating the review of this manuscript and
approving it for publication was Jenny Mahoney.
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back-scattered EM waves from the metallic objects [7]. The
four leading practical approaches extensively used in the liter-
ature to achieve RCS reduction include [8], [9]: (i) utilization
of radar absorbing materials (RAM), which transforms the
incident EM wave into heat; (i) reshaping the geometry
of a target to redirect the incident EM energy away from
the source; (1ii) redirecting (or deflecting) the incident EM
wave around the object (invisibility cloaking); (iv) phase
cancellation, both active and passive. However, all of the
aforementioned approaches predominantly exhibit narrow
RCS reduction bandwidth, suffer from design complexity,
and extreme losses.

Quite recently, considerable interest emerged in utilizing
metamaterials for wideband RCS reduction. On a generic
level, there are two strategies for reducing RCS by means
of metamaterials. The first one is the usage of a perfect
metamaterial absorber [ 10]=[14]. Such materials can absorb
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EM waves and convert the energy into heat. Nevertheless,
the RCS reduction band remains limited. The second strat-
egy is to exploit the reflection phase controlling property of
metasurfaces. Two types of surfaces have been presented that
capitalize on this concept, i.e., electromagnetic gradient sur-
face (EGS) [15]. and checkerboard metasurface [6]. In EGS,
the metal part of the surface is replaced by the unit cells of
artificial magnetic conductors (AMC), and perfect electric
conductors (PEC). The primary requirement in EGS is to
maintain equal phase difference between the unit cells [16].
When the plane wave is incident from the normal direc-
tion, the EGS reflects back the tilted beam pattern, hence
reducing the RCS. Due to non-linear relationship between
the reflection phase curves and frequency, it is difficult to
meet the equal phase difference condition over a wide fre-
quency range. In a checkerboard metasurface, AMCs and
PECs are arranged in an alternate fashion. The idea is to
keep 1807 phase difference between the AMC and PEC unit
cells. Such a combination successfully diffuses the scattering
energy at four lobes in the diagonal plane [17]. The EGS
and checkerboard metasurfaces are low profile, robust and
simple to manufacture [18]. Their major drawback is the
narrowband performance of the AMC structure. Outside the
waorking bandwidth, the AMC properties are similar to those
of PEC, and the condition for 180° phase difference no
longer holds. To overcome this drawback, PEC unit cell is
substituted by another AMC unit cell operating at a different
resonant frequency. Consequently, a dual-band design can
be obtained [19], [20]. The idea of employing two AMCs
in a checkerboard configuration was originally presented
and developed by de Cos et al. [21], [22]. To achieve RCS
reduction over a broad frequency band using this configura-
tion, the phase difference between the two AMC unit cells
should be 180° when their reflection amplitudes are the same
and equal to one [18], [23]. In terms of electrical charac-
teristics, the phase reflection curves of the two unit cells
should remain parallel (i.e.. equidistant) over the frequency
band of interest. Notwithstanding, the reflection amplitudes
of the combined unit cells are not always the same due to
losses. On the other hand, it has been shown that —10 dB
RCS reduction can be maintained over a frequency band
if the phase difference between the two unit cells remains
within 1807 &+ 37° range [25]. In a related vein, the con-
cepts of coding metasurfaces [26], [27], diffusion metasur-
faces [28], [29]. programmable metasurfaces [30], Huygens’
metasurfaces [31], as well as cloaking structures [32], have
been proposed, which offer a control over the wavefront
in a more sophisticated manner. The primary advantage of
coding and diffusion metasurfaces over the checkerboard type
surfaces is that it scatters the incident EM waves into all
directions. In addition to that, coding metasurfaces are also
exploited as an absorptive surface to realize essential RCS
reduction [33].

Until now, numerous novel designs have been proposed
for attaining wideband RCS reduction using metasurfaces
[18]. [21]=[29]. In the absence of reliable analytical methods,
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the design process in the above-mentioned works typically
relies on iterative full-wave EM simulations. Although such
methods ensure accurate evaluation of the system response,
they are time consuming and laborious due to a considerable
amount of designer’s interaction involved in the process.
Furthermore, the design procedure relies mostly on empir-
ical reasoning, physical intuition, or trial-and-error, which
raises questions about the reliability and efficacy of such
methods, as well as their capability of identifying truly opti-
mum designs. From the perspective of hands-on design pro-
cedures, the problem is additionally aggravated by highly
nonlinear input-output relationships. New and more sophis-
ticated methods should be conceived to make the design pro-
cess of metasurfaces computationally efficient, robust, and
automated. In the recent years, data-driven techniques have
emerged as promising tools, applicable to solving problems
in many areas of science and engineering. Their advantages
include the ability to yield acceptable solutions under time
constraints and limited computational resources [34]=[41].
Some of the recent alternative approaches include phylo-
gram analysis-based optimization method [42], island-based
cuckoo search with polynomial mutation [43], hybrid swarm
algorithm (a combination of the strengths in self-assembly
and the particle swarm optimization) [44], and grey wolf
optimizer-based method to tune pi-fuzzy controllers [45].
However, this work adopts some specific methods such as
surrogate modeling frameworks and global optimization rou-
tines as the components of the developed metasurface design
procedure.

The main objective of this paper is to enhance the RCS
reduction bandwidth along with addressing the key chal-
lenges at the design level of a metasurface. The considered
metasurface architectures are periodic arrays of two different
AMC unit cells on the same ground plane in a checkerboard
configuration. A surrogate-based framework proposed in this
waork involves fast kriging metamodels as well as a surrogate-
assisted global search algorithm. The metamodels are trained
using sampled EM simulation data, and used as the unit cell
phase characteristic predictors at the optimization stage. Our
procedure allows for identifying the optimum geometries of
the individual unit cells (concurrently for the cell pairs) in
a given parameter space. Optimality is understood in the
sense of ensuring the maximum possible RCS bandwidth.
The cell optimization is implemented as a gnd-confined
exhaustive search followed by local tuning. This approach
is computationally feasible due to low dimensionality of the
unit cell parameter space. It guarantees global optimality,
and eliminates the need for the employment of stochastic
search routines. At the same time, excellent accuracy of the
metamodel ensures good agreement with EM simulation data
over broad frequency range.

The presented approach allows for fully automated and
globally optimum metasurface design within the assumed
unit cell topology and the parameter space. It has been used
to develop a novel checkerboard metasurface featuring 6 dB
RCS reduction in a frequency range from 16 to 37 GHz.
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The design is validated both numerically and experimen-
tally, and shown to outperform the state-of-the-art benchmark
structures with respect to the RCS reduction bandwidth. The
technical novelty and the major contributions of this paper
can be summarized as follows: (i) the development of a
surrogate-assisted framework for reliable and efficient design
optimization of checkerboard metasurfaces: (ii) the numerical
verification of the framework as well as demonstration of its
utility in the context of metasurface design, and (iii) the devel-
opment of a novel high-performance checkerboard metasur-
face for broadband RCS reduction. It should be emphasized
that the presented framework is—to the authors knowledge—
the first comprehensive approach proposed in the literature
for globally-optimum design of the unit cell geometries by
means of fast metamodels.

The remaining part of the article is organized as follows.
In Section II, the motivation for the proposed design frame-
work is discussed, followed by the design and modeling
of the unit cell, later used to illustrate the operation of
the procedure, and the development of the broadband RCS
reduction metasurface. In Section III, the description of the
proposed surrogate-based approach and surrogate-assisted
global optimization algorithm is provided. In Section V,
a novel checkerboard metasurface is implemented and its
scattering performance 1s investigated using full-wave EM
simulations and physical measurements of the fabricated
prototype. Section VI concludes the paper.

1Il. PROPOSED DESIGN APPROACH

This section briefly discusses the challenges of EM-driven
metasuface design, and provides a motivation for the devel-
opment of novel techniques that are not only more efficient
than the traditional methods in computational terms, but also
more reliable. Furthermore, a specific example of a unit cell
(metasurface building block) is introduced to be used for the
purpose of explaining the proposed machine-learning-based
design methodology, and to develop a new high-performance
metasurface featuring broadband RCS reduction.

A. MOTIVATION

Metasurface development necessarily involves full-wave EM
analysis as the only tool capable of accurate evaluation of
scattering properties of geometrically complex structures.
Needless to say. the critical stage of the process, i.e., tuning
of the unit cell geometry parameters to obtain desired phase
characteristics has to be carried out at the level of EM sim-
ulation models. The fundamental challenges associated with
parameter adjustment include:

« High simulation cost of the building blocks and the
entire metasurface:

« Potential multi-modality of the optimization task result-
ing from the necessity of considering broadband
responses, as well as mutual relationship between the
unit cells of different geometries (zero/one cells);

» The lack of reasonable initial designs.
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The last two factors generally lead to a situation where yield-
ing satisfactory design requires the employment of global
search routines, which are extremely expensive when exe-
cuted directly the level of EM simulation models.

Clearly, optimum design of metasurfaces requires the
development of novel procedures, capable of addressing the
aforementioned difficulties. This work proposes utilization
of data-driven modeling techniques to expedite the design
process and to improve the optimization reliability. Towards
this end, we utilize fast surrogate models (here, kriging inter-
polation [38]), as well as a combination of global and local
optimization algorithms. The details of the framework will
be presented in Section III, whereas its performance will be
demonstrated in Section IV through the design of a chess-
board metasurface featuring broadband RCS reduction.

(&)

(b)
FIGURE 1. Configuration of the unit cell utilized in this work: (a) cusader
cross topology, (b) four representati ies within the
space.

B. UNIT CELL GEOMETRY

Figure I(a) illustrates the geometry of the unit cell design
utilized in this work. As shown, the topology resembles the
crusader cross. The function f(r) parameterizing the cross
arm has the following analytical form

e
fin=—= 0=<r<bh i1
P

where p, b, and 4, are the adjustable parameters of the cell
that determine its overall shape and size.

The specific data concerning the parameter space
(lower/upper bounds) will be provided in Section IIL This
particular geometry has been chosen in order to ensure
sufficient flexibility of the unit cell (cf. Fig. 1(b)) while
limiting the number of adjustable parameters (here, three).
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The latter facilitates the metamodeling-based optimization
process, especially the construction of fast surrogate model.

A ground-backed Arlon AD250 lossy substrate (g, = 2.5,
h = 1.5 mm, tan§ = 0.0018) is used in the unit cell design.
During the simulations, metallization is represented as perfect
electrical conductor (PEC). The overall size of the unit cell is
W, x L, = 6 x 6 mm?.

It should be noted that the geometries in Fig. 1(b) are for
illustration purposes only, and they do not correspond to the
final design. Notwithstanding, they are selected to illustrate
the unit cell topologies in the assumed parameter space, and,
thereby. to demonstrate the topological flexibility of the cell
design.

It should be emphasized that the conventional design
approaches are not reliable when optimizing such a topology
where a small change in the design parameters drastically
changes the cell geometry, and, consequently. the reflection
phase. This applies to both interactive methods relying on
parameter sweeping, but also direct EM-driven optimiza-
tion techniques, the application of which is hindered by the
entailed computational expenses.

lil. OPTIMUM UNIT CELL DESIGN

BY SURROGATE MODELING

In this section provides a description of the proposed data-
driven approach to design optimization of the unit cell.
We start by outlining the complete methodology, followed
by a detailed explanation of the important components of the
procedure. Utility of the proposed framework in the design
process of unit cells is also considered. Demonstration of the
novel metasurface based on the optimized cell geometries
will be provided in Section I'V.

The optimization procedure proposed in this paper
accounts for geometrical flexibility of the unit cells, which
makes global search necessary. At the same time, it capital-
izes on the fact that the considered parameter spaces are of
low dimensionality, which allows for a construction of fast
metamodels, and realization of the global search process in a
deterministic manner. As a result, it guarantees identification
of a globally optimum design within a reasonable timeframe
and it is fully deterministic. The latter alleviates the diffi-
culties pertinent to poor repeatability of solutions, featured
by nature-inspired algorithms (the latter currently being the
methods of choice for solving this type of problems). At the
same time, uotilization of surrogates speeds up the search
process when compared to direct EM-driven optimization
using, e.g.. population-based methods.

A. DESIGN METHODOLOGY

The goal of the proposed metamodeling-based design
approach is to find a pair of unit cell geometries featuring
the phase difference within the range of 1807 £ oy, over a
possibly broad frequency range F. Here, amay 1s set to 377,
which is the value recommended in the literature (e.g., [24]).
The operation of the optimization framework is outlined
below, whereas the details concerning its major components
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are provided in Sections IILE through IILE. The vector of
adjustable variables of the unit cell, and the response of its
EM simulation model will be denoted asx =[xy . .. .:,,]ir eX,
and P{x), respectively. The latter represents the phase reflec-
tion characteristics. The parameter space X is determined by
the user-defined lower and upper bounds I = [I; ... J',,]T and
u=[u __.J.-,.]'lr suchthatly =y <w, I=1,... . n

The unit cell optimization is carried out over the Cartesian
product X x X and aims at finding the vectnrx; = [(x“"JT
=17 tha represents a pair of cell geometries corre-
sponding to the maximum (continuous) range of frequencies
for which the condition mentioned at the beginning of the
section, i.e.. 180° = omax < AP, x¥*) < 180° + e
is satisfied. In plain words, we strive to determine the dimen-
sions of both unit cells so that the aforementioned phase
condition is satisfied for as broad frequency range as possible.
The cells have to be optimized concurrently, because the
phase difference simultaneously depends on both parameter
vectors. Consequently, all dimensions are aggregated into a
single vector xp,. Formally, the design problem can be stated
as follows:

*_ .
IP - arg!pg.kl'r:‘cx U(ﬂ.P{Ip}] @

The analytical form of the objective function U/ has been
given in Section IIL.C.

The algorithmic flow of the optimization process is as
follows:

1. Uniformly allocate N samples ' &k = 1,.._, N,
within X and acquire the responses P(x'*) from the EM
simulation model;

2. Construct a Kriging surrogate S(x) in X using
[x™  Px™)}o)_w. as the training dataset

(cf. Section ITLE);

3. Find the initial approximation x " of the global opti-
mum of the surrogate § (in an exhaustive manner) on
the structured grid (cf. Section IILD);

4. Find the refined design x}, by solving (1) lLf.ingr:,“J as
starting point. The refinement process is realized using
local search routines (cf. Section IILE).

In Step 1. the algorithm starts by uniformly allocating
samples within the parameter space and acquiring the training
data through EM simulation of the unit cells. The purpose of
the training data acquisition is to gather information about
the properties of the unit cells in terms of their phase charac-
teristics across the parameter space. This knowledge will be
then encoded for further use in the form of a fast surrogate
maodel, which will replace expensive EM simulation in the
design optimization process.

In Step 2, a kriging metamodel is constructed to be used as
a predictor of the cell phase characteristics over the space X.
The metamodel makes predictions about the unit cell phase
characteristics as functions of the geometry parameters of
the cell. Because it is essentially an analytical model (krig-
ing surrogates are combinations of low-order polynomial-
based regression models and linear combinations of kernel
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functions, e.g. Gaussian), it is fast to evaluate. Furthermore,
it is interpolative, i.e., it agrees perfectly with the EM simu-
lation data at the training locations.

In Step 3 of the procedure, the metamodel is employed
in the global search. This step, described in detail in
Sections IIL.C and 111D, employs the objective function (3)
and carried out exhaustive search over a dense rectangular
grid defined over the parameter space. This way of imple-
menting the search process is justified by low dimensionality
of the problem, the availability of fast metamodel. It has
significant advantages over, e.g., nature-inspired population-
based procedures for the considered case because it is fully
deterministic and guarantees identification of the optimum
design when coupled with the local refinement.

In Step 4. the resolution of the design found through
grid-constrained search is refined through conventional local
(gradient-based) optimization. The details are provided in
Section IILE. At this stage, the objective function (3) is used
as well.

- !
Defing parameter
space X

Perform design of
experiments

Acquire training
data

Extract phase
reflection

response -
Construct unit cell

metamodel

Perform global optimization
(grid-confined
exhaustive search)

¥
Perform local design
refinement

o ] S

FIGURE 2. Flow diagram of the proposed surrogate modeling-based
fi for design optimization of face unit cells.

P

As mentioned before, the utilization of the surrogate allows
for expediting the optimization procedure to a great extent
as compared to direct EM-driven optimization. The flow
diagram of the proposed surrogate-based design framework
has been shown in Fig. 2.

An alternative approach in this venture could be the uti-
lization of physics-based surrogate models [47], which have
become popular in high-frequency design over the last years.
Physics-based methods exploit the problem-specific knowl-
edge, typically. in the form of low-fidelity EM or equivalent
network models. Some of popular techniques of this class
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include space mapping [48], and response correction methods
(e.g., shape preserving response correction [49], adaptive
response scaling [50]). However, in the considered case of
unit cell optimization, the employment of data-driven surro-
gates seems more appropriate having in mind low dimension-
ality of the parameter space as well as the fact that global
exploration is needed. These, along with the lack of conve-
nient candidates for fast low-fidelity representation makes
physics-based surrogates impractical.

B. SURROGATE MODELING

The surrogate model § is constructed within x € X using
kriging interpolation [38]. The surrogate is identified using
the training data samples {x'¥), P(x*))},_, v, where Pix)
represents the response of the EM-simulation model, whereas
N denotes the total number of samples. The design of experi-
ments strategy is a rectangular grid 7x 12 x 7 (thus, N = 588),
which is a suitable arrangement due to low-dimensionality of
the parameter space.

The number of grid nodes in each direction is determined
based on the large-scale sensitivity analysis with a larger
number of nodes set up for the second variable, which has
been found to affect the unit cell phase characteristics in a
more significant manner than the remaining variables. The
kriging model is set up with the first-order polynomial regres-
sion model used as a trend function, and a Gaussian correla-
tion function.

C. OBJECTIVE FUNCTION DEFINITION

The design task has been formulated in Section IILA (cf. (1))
as identification of a pair of unit cell geometries x; =
[ix=)T (3= 7T thar maximize the frequency range for
which the phase difference satisfies the condition 180° =
ey < AP'* x9%) < 180° 4 oy, The analytical form
of the objective function U/ 1s defined as

U(AP(xp) = — [frlxp) — fLixp)] 3
where f; and fg are the frequencies determining the largest
frequency interval for which the phase difference condition
is satisfied for all frequencies f € [fr., fr]. The minus
sign in (3) allows for turning the maximization task into the
minimization one according to (1). It should be noted that
both frequencies are extracted from the phase characteristics
of the unit cells using a postprocessing routine implemented
in Matlab.

D. GLOBAL OPTIMIZATION

Step 3 of the optimization procedure (cf. Section IILA) is
a grid-confined global search. Let My, s be a rectangular
grid of the formx € My _m, if and only if x = [x) .. _.r,,]r
is of the form x; = Iy + jg[(ug = ime], k = 1, ..., m,
where my is and grid-defining integer for the kth variable,
and j € {0, 1,.... my }. The initial approximation x}\” of
the global optimum of § is found as

f—arg  min UAPIEDYT T @)

P A My,
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In other words, .'r_!,m is obtained by searching through all
possible pairs of unit cell geometries e M1y and
X e M1y and determining the one that minimizes U/,
Note that this is an exhaustive search but its computational
cost 1s negligible because the surrogate model § is fast, and
the number of parameters is low. Additionally, the entire
process is vectorized to further speed-up the operation. In this
work, weuse mp =9 fork =1... ., n

The optimization procedure is governed by the following
control parameters:

» The number N of the training data points to construct
the surrogate model. This number is adjusted to ensure
that the surrogate model accuracy in terms of the relative
RMS error is at the level of one percent (which gives
almost perfect visual agreement between the EM simu-
lated data and the metamodel outputs;

« Density of the search gridmy k = 1. ..., n. This param-
eter is of secondary importance because the objective
of global search is only to provide a starting point for
design refinement (cf. Section IIL.E), i.e., to ensure that
the grid-constrained optimum is sufficiently close to the
global optimum. The value used in this work (mg = 9)
by far exceeds this requirement.

It can be observed that the optimization procedure has only
two control parameters, both of which can be easily adjusted
to ensure the reliability of the process. This is one of impor-
tant advantages of the method. The local design refinement
uses off-the-shelf algorithm (cf. Section IILE) with default
setup, i.e., no control parameters have to be adjusted.

E. DESIGN REFINEMENT

The last stage of the optimization process (Step 4) is local
refinement, using I};m found in Step 3, as a starting point.
The refinement is executed using Matlab’s fimincon proce-
dure [46]. which is a variation of the sequential gquadratic
programming (SQF) method [46]. Again, the computational
cost of this stage 1s negligible because it is executed at the
level of the kriging metamodel.

F. OPTIMIZATION RESULTS
Figure 1(b) provides a general idea about the type of struc-
tures under consideration. For the unit cell of Fig. 1({b), there
are three parameters, p, b, and 4, that determine the shape
of the unit cell. Hence, the vector of designable variables is
x=[pbd]"; Ly and W, are fixed. The parameter space X
is defined by the lower and upper bounds I = [3.5 0.3 0.2]",
andu = [10 1.6 2_4]T; all dimensions are in mm. To achieve
the best predictive power of a metamodel, the training points
are arranged in a uniform grid My 27 (cf. Section ITLB) with
a total of 588 samples. The acquired data is divided into
the training (85 percent) and the test data (15 percent) to be
used for split-sample error estimation. The frequency-domain
solver of the CST Microwave Studio is utilized to evaluate the
phase reflection responses of the unit cell.

The absolute error of the surrogate model is as low as
(.86 degrees (averaged over the testing set) with the standard
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FIGURE 3. Performance of the unit cell metamodel: EM model (<) and
surrogate responses (o) at the selected test locations.

deviation of 1.7 degrees. This means that the metamode] is
very reliable, especially when considering the typical range of
the unit cell phase response (=400 degrees). Figure 3 shows
the surrogate and EM-simulated cell responses at the selected
test locations. The visual agreement between the two data
sets is excellent, which corroborates the design utility of the

metamodel.
FIGURE 4. G etries of the globally optimi unit cell designs: Cell 1
(left), and Cell 0 (right).

The trained metamodel has been optimized according to
Steps 3 and 4 of the procedure of Section II1.A. The optimal
cells obtained in the process are x''* = [4.0444 08778
0.9302]" and " = [4.2222 1.6 2.4]". Figure 4 shows
the cell geometries, for convenience, labeled as Cell 0 and
Cell 1. Verification of these designs has been conducted by
comparing their phase characteristics with the EM simulation
data. As demonstrated in Fig. 5, the agreement between the
surrogate and EM-simulated responses is excellent. This con-
firms the efficacy of the proposed machine-learning-based
design framework.

The reflection phase and amplitude of the unit cells along
with the reflection phase difference between the two cells
are shown in Fig. 6. It can be observed that the condition
1807 = 37° = AP x1¥) = 180° + 37° is satisfied for
the frequencies from 16 GHz to 35 GHz. Hence, more than
19 GHz RCS reduction bandwidth can be anticipated [25].
It should be reiterated that the objective of the optimization
procedure is to find a globally-optimum design of the unit
cells that maximizes the RCS reduction bandwidth, 1.e.. a pair
of designs featuring the phase difference of 180 £ 37 degrees
over possibly a broad frequency range. The outcome of the
optimization procedure (pair of unit cells) serve as a building
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FIGURE 5. Phase reflection response for the optimized unit cell designs:
EM model (-) metamodel responses (o). The Cell 0 and Cell 1 responses
are marked black and grey, respectively.
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FIGURE 6. Reflection performance of the optimized unit cells: reflection
amplitude (top) and reflection (bottom). The responses of Cell
0 and Cell 1 are marked black and red, respectively, whereas the blue
curve indicates the reflection phase difference. The gray-shaded area in
the bottom plot indicates the range of acceptable phase differences.

block of a high-performance RCS reduction metasurface as
described in Section I'V.

IV. NOVEL METASURFACE CONFIGURATION.
NUMERICAL AND EXPERIMENTAL VALIDATION

This section introduces the configuration of a novel metasur-
face design. The monostatic and bistatic RCS performance
of the proposed structure is discussed in detail. The exper-
imental setup is also illustrated, along with the comparison
of simulation and measurement results of the checkerboard
measurface. Finally, benchmarking against the state-of-the-
art designs is discussed.

A. CHECKERBOARD METASURFACE PERFORMANCE

The operating principle of a checkerboard metasurfaces is to
interleave the two structures featuring 180° phase difference
so that the backscattered fields are cancelled out. and a dis-
tinct scattering patterns are produced. Theoretically, monos-
tatic and bistatic RCS reduction can be approximated by the
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array theory [51]. The concept of the RCS reduction can be
understood by recalling a planar array having a progressive
phase shift of 180° among elements within a particular fre-
quency band. In other words, the checkerboard measurface
exploits the anti-phase reflection property of periodic arrays
to manipulate the scattering behavior.

CIITI EREREY T T Y TT T Ty
CLLLERERY L LI ERERY L] LEEE
CLLLERREREY L LI ERERY L] LEEE
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FIGURE 7. Geometry confi of the

s prop

In order to enable the aforementioned property, in the first
step, the optimum unit cell designs, i.e., Cell 0 and Cell 1,
featuring a phase difference of 180° £ 37° are obtained
(cf. Section III). Hereafter, the periodic arrays containing
multiple copies of Cell 0 and Cell 1 as the building blocks are
employed in an alternate manner to realize a checkerboard
metasurface. Figure 7 illustrates the proposed checkerboard
metasurface comprising thirty-six elements: eighteen 4 = 4
periodic arrays of Cell 0 and eighteen 4 x 4 periodic arrays
of Cell 1. Subsequently, the resulting 6 = 6 checkerboard
surface is characterized. Note that the size of the periodic
arrays is decided by considering the fact that diffractions
due to discontinuities among the neighboring arrays do not
significantly contribute when the overall size of a single array
is greater than half wavelength [52]. The total size of the
surface is W, x L; = 144 x 144 mm?. The inter-element
spacing of individual unit cells in an amray is s = 6 mm.

The surface is implemented on a ground-backed Arlon
AD250 lossy substrate (g, = 2.5, h = 1.5 mm, tan§ =
0.0018). To test the RCS performance of a proposed meta-
surface, a PEC surface of a similar size is also implemented
to be utilized as a reference surface. The time-domain solver
of CST Microwave Studio is used for both the monostatic and
bistatic RCS analysis.

In order to validate the anticipated broadband RCS reduc-
tion of the proposed metasurface, its monostatic RCS perfor-
mance for normal incidence has been determined. Figure 8
shows the reflection characteristics of the PEC surface along
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FIGURE 8. Monostatic RCS of a metallic surface (.. .) and the proposed
checkerboard metasurface (—).

L
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FIGURE 9. 3D scattering performance of the PEC surface (left)

and the
checkerboard metasurface (right): (a) at 17 GHz, and (b) at
32 GHz.

with the proposed metasurface. It is apparent that the RCS
reduction occurs in a broad frequency range, iLe., from
15.7 GHz to 38 GHz, which confirms the low observable
property of the metasurface.

The 3-D bistatic RCS patterns of the proposed metasurface
and the metallic surface of same size has been presented
in Fig. 9. It can be observed that the reflected waves from the
proposed surface, under normal incidence, scatter into four
diagonal planes. It corroborates minimum reflections from
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the metasurface in the boresight direction, as the incident
waves are reflected into different directions. On the con-
trary, the metallic surface features strong reflections in the
boresight direction, in a single lobe, when the plane wave
impinges on it from the normal direction.

-100 =50 Ll Sth 10K
Theta [degrees]

FIGURE 10. Bistatic RCS performance at 17 GHz (top) and at 32 GHz

(bottom) along the principle planes. The two planes ¢ = 0 and ¢ = 90 are

marked blue and red, respectively, whereas the black curve indicates the
scattered field form the PEC surface.

a3

RCS [dBm?]

a

RCS [dBm?]

Theta [degrees]
FIGURE 11. Bistatic RCS performance at 17 GHz (top) and at 32 GHz

(bottom) along the diagonal planes. The two planes ¢ = 45 and ¢ = 135
ively, whereas the black curve indicates

the scattered field form the PEC surface.

The scattered field versus the elevation angle theta &
along the principal and the diagonal planes are demonstrated
in Figs. 10 and 11, respectively. The bistatic RCS perfor-
mance of the proposed metasurface 1s compared with the
PEC surface. The results indicate that the maximum RCS
in the principal planes is 16.0 dB lower than the maximum
RCS for the PEC ground plane, at both considered frequen-
cles. Subsequently, in the diagonal planes, the maximum
RCS of the proposed surface is 15.2 dB lower than a PEC
ground plane. Hence, a significant RCS reduction has been
observed for the proposed metasurface in the principal as
well as the diagonal planes. This reduction occurs because the
reflected fields are redirected into four main lobes, instead of
the single main lobe of the PEC surface, (cf. Fig. 9).
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FIGURE 12. Photograph of the prototyped checkerboard metasurface.

B. MEASUREMENT SETUP AND

EXPERIMENTAL VALIDATION

Following the EM-simulation-based verification, the pro-
totype metasurface has been fabricated and measured.
Figure 12 show a photograph of the structure. The RCS
has been measured in terms of reflectivity, owing to limited
amenities. The same size PEC surface has been used as a
reference to determine the RCS reduction of our metasurface.

Transmitter
Antenna
Vector Network TslSurface under
Analyzer (VNA) Receiver 4 consideration
-
Amcnna/
|, —

FIGURE 13. Block diagram of the ph

Py

For the sake of measurements, two PE9850/2F-15 horn
antennas, operating from 26.5 GHz to 40.0 GHz, have been
utilized as a transmitter and a receiver. The monostatic RCS
characteristics of a checkerboard and a PEC surface has
been evaluated by measuring the antenna transmission coef-
ficients. The block diagram of the measurement setup has
been provided in Fig. 13. The measurements have been car-
ried out using the anechoic chamber of Reykjavik Univer-
sity (cf. Fig. 14). The comparison between the simulated
and measured RCS reduction is depicted in Fig. 15. The
agreement between the datasets is very good. A certain
discrepancy can be attributed to the fabrication tolerances,
as well as the misalignment of the transmitter/receiver
antenna with respect to metasurface during measurements.
The latter is essential considering that the experimental setup
is for capturing reflections. A slight misalignment could
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comparison. The red curve indi 6-dB RCS red:

threshold.

lead to relatively high inaccuracies. Nevertheless, the mea-
surements corroborate 6-dB RCS reduction within the fre-
quency range of 26.5 GHz and 38 GHz. As mentioned before,
the lower edge is limited by the available hardware. The
measured RCS reduction bandwidth of the proposed checker-
board metasurface and the expected bandwidth anticipated
from the phase difference curves (cf. Fig. 6) are similar.

The above findings allow us to conclude that the proposed
checkerboard metasurface features low scattering property
in a broadband frequency range, and. therefore, it has the
potential to replace the metallic surfaces in the applications
where high stealthiness is essential.

C. BENCHMARKING

For the sake of benchmarking, the performance of the pro-
posed checkerboard metasurface has been compared with
the recent metasurfaces from the literature, see Table 1. The
comparison is carried out in terms of the RCS reduction
bandwidth. It can be observed that the proposed metasurface
outperforms other designs with respect to fractional/relative
RCS reduction bandwidth. It should be emphasized that apart
from proposing a novel metasurface, an efficient surrogate-
assisted design framework is also provided—for the first
time—to facilitate the design procedure of such surfaces.
As a matter of fact, it is rigorous optimization that provides
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TABLE 1. Proposed metasurface versus state-of-art designs.

Total Period G-dB RCS Fractional
Rel thickness (i) reduction bandwidth
{rmm) bandwidth {GHz) Ta)
[17] 3 10 50-72 k1
[25] 3175 15 T.I-165 T2
[26] 735 15 A0-8.6 73
[27] 3 52 G0-19% 7%
[28] 3 5 5.1-1.9 43
[29] 2,35 & 80-12.1 40
[20] 3.8 & 5.7-13 78
[53] 441 10 55129 sl
Proposed 1.52 [} 15.7-38 3

a competitive edge over less formal design approaches, and
manifests itself through better properties of the resulting
metasurface. As mentioned before, the crucial components of
the procedure are those that take into account the specifics of
the problem: the parameter space dimensionality, expensive
(EM-based) evaluation of the unit cell characteristics, and the
need for global search.

V. CONCLUSION

This article proposed a surrogate-assisted framework for
rapid design of high-performance metasurfaces featuring
broadband RCS reduction. Low RCS of a surface translates
to its low observable nature, which is highly desirable for
the stealth technology. Our procedure involves a construction
of a fast metamodel that replaces the CPU-intensive EM
simulations in both stages of the design process, ie., the
global search, and local (gradient-based) refinement. The
optimization is executed to identify the optimum until cell
geometries within the user-defined bounds. By employing
the proposed methodology, a computational burden of the
design process can be significantly reduced. Finally, a novel
checkerboard metasurface. enabling broadband RCS reduc-
tion, has been developed using our framework. The monos-
tatic and bistatic performance of the proposed checkerboard
metasurface has been validated both numerically and experi-
mentally. The numerical results indicate that the metasurface
features low scattering property in a broadband frequency
range, Le., from 15.7=38 GHz. The experimental data con-
firms these findings starting from 26.5 GHz, which is due
to the limitations of the available hardware. The proposed
metasurface has been benchmarked against state-of-the-art
designs demonstrated to be superior in terms of the RCS
reduction bandwidth. This also validates the design utility of
the presented metamodeling-based procedure in the context
of metasurface development. As a matter of fact, the design of
the above structure provides a link between the theory (here,
a simulation-based design optimization procedure), and
application, which is the development of high-performance
metasurface with the intended use in stealth technology.

VOLUME 9, 2021

The authors believe that this study is a step toward
exploring the data-driven techniques in the design of
high-performance metasurfaces for RCS reduction, where
intuition-inspired methods are still widespread although gen-
erally lack the ability to yield truly optimum results. Applica-
tion of surrogate-based methods, including fast metamodels,
improves reliability, enables global optimization in reason-
able timeframe, eventually leading to the improvement of
metasurface performance figures, as demonstrated through
the specific design proposed in this work.
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Scattering Metasurfaces

Slawomir Koziel™, Semior, Member, IEEE. and Muhammad Abdullah®™

Abstract— Popularity of metasurfaces has been continuously
growing due to their attractive properties including the ability
to effectively manipulate electromagnetic (EM) waves. Meta-
surfaces comprise optimized geometries of unit cells arranged
as a periodic lattice to obtain a desired EM response. One
of their emerging application areas is the stealth technology,
in particular, realization of radar cross section (RCS) reduc-
tion. Despite potential benefits, a practical obstacle hindering
widespread metasurface utilization is the lack of systematic
design procedures. Conventional approaches are largely intuition-
inspired and demand heavy designer’s interaction while exploring
the parameter space and pursuing optimum unit cell geometries.
Not surprisingly, these are unable to identify truly optimum
solutions. In this article, we introduce a novel machine-learning-
based framework for automated and computationally efficient
design of metasurfaces realizing broadband RCS reduction. Our
methodology is a three-stage procedure that invelves global
surrogate-assisted optimization of the unit cells, followed by their
local refinement. The last stage is direct EM-driven maximization
of the RCS reduction bandwidth, facilitated by appropriate
formulation of the objective function involving regularization
terms. The appealing feature of the proposed framework is that
it optimizes the RCS reduction bandwidth directly at the level
of the entire metasurface as opposed to merely optimizing unit
cell geometries. Computational feasibility of the optimization
process, especially its last stage, is ensured by high-quality initial
designs rendered during the first two stages. To corroborate
the utility of our procedure, it has been applied to several
metasurface designs reported in the literature, leading to the RCS
reduction bandwidth improvement by 15%-25% when compared
with the original designs. Furthermore, it was used to design a
novel metasurface featuring over 100% of relative bandwidth.
Although the procedure has been used in the context of RCS
design, it can be generalized to handle metasurface development
for other application areas.
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Index Terms—Metasurface, machine learning, electromagnetic
(EM)=driven design optimization, radar cross section (RCS),
scattering manipulation.

I. INTRODUCTION

ETASURFACES are planar patterned surfaces coms-

posed of subwavelength periodic arrays of unit cells [1].
Within the past decade, their unique ability to manipulate
the wavefront fostered utilization in many important applica-
tions, for example, beam-switching antennas, polarization con-
verters, invisibility cloaks, gradient index lenses, holograms,
stealth technology, and many others [2]=[6]. In the stealth
technology, the main bottleneck is to reduce the radar cross
section (RCS) to avoid detection by the enemy’s radar. This
can be accomplished by minimizing the backscattered elec-
tromagnetic (EM) energy from the metallic objects [7]. Some
of the techniques implemented to accomplish RCS reduction
include object reshaping method [8], invisibility cloaking [9],
using radar absorbing materials (RAMs) [10]. and active and
passive cancellation [9]. Nevertheless, the downsides of the
aforesaid techniques are narrow RCS reduction bandwidth,
structural complexity, and severe losses.

An altermative approach to reduce the backscattered EM
energy is to replace the conventional metallic surface with arti-
ficially engineered materials (metamaterials). The two promi-
nent design strategies in this regard are to use metamaterials
as an absorber [11]=[14] or to exploit their distinctive property
of manipulating the phase reflection characteristics. In the
former case, the incident EM energy transforms into heat;
hence, backscattering energy can be diminished. Notwithstand-
ing. the RCS reduction bandwidth still remains limited. The
latter involves a periodic combination of artificial magnetic
conductors (AMCs). and perfect electric conductors (PECs),
arranged to attain the desired phase reflection characteristics.
Two types of structures have been proposed that capitalize
on this concept, that is, the EM gradient surface (EGS) [15]
and the checkerboard metasurface [6]. In EGS, the metallic
portion of the surface is substituted by the periodic arrays
of AMC and PEC cells. When the plane wave is incident
from the normal direction, the backscattered energy is tilted
from that direction, thereby reducing the RCS. The funda-
mental condition in EGS is to maintain equal phase difference
between the AMC and PEC umt cells [16]. The nonlinear
relationship between the phase reflection characteristics and

This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see htips:icreativecommons orgflicenses/by/4. OF
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frequency poses considerable challenges in satisfying the equal
phase difference requirement over a wide frequency band.
In the case of a checkerboard metasurface, the AMC and PEC
cells are organized in an alternate fashion, and the objective
is to maintain 180° phase difference between the AMC and
PEC cells. By doing so, the incident EM energy scatters at
four lobes in the diagonal plane [17]. leading to low scattering
property of the surface. The main advantages of the afore-
mentioned surfaces include structural simplicity, robustness,
and low profile [18]. However, the AMC structure exhibits
relatively narrowband characteristics; outside the operating
bandwidth, it starts resembling PEC. Consequently, the 180°
phase difference condition no longer holds. To tackle this
situation, de Cos et al. [19], [20] suggested utilization of two
AMC cells instead of one to realize a dual resonance structure
[21]. [22]. The PEC unit cells are replaced by an additional
AMC cell operating at a different resonant frequency. When
exploiting such a structure to accomplish RCS reduction over
a broad frequency band, the phase difference between the two
AMC cells should remain 1807 while retaining their reflection
amplitudes identical and equal to 1 [17], [23]. In other words,
the phase reflection curves of a pair of unit cells should remain
equidistant over the frequency band where RCS reduction is
to be achieved. Due to the presence of ohmic and tangent
losses, the reflection amplitudes of the combined unit cells are
not precisely the same. Therefore, it has been established that
=10-dB RCS reduction can be maintained over a frequency
band if the phase difference between the two AMC cells
remains within the 143°-217° range (i.e., 180°% 37°) [24].
More recently, the concepts of coding metasurfaces [25], diffu-
sion metasurfaces [26], [27], programmable metasurfaces [30],
Huygens' metasurfaces [31], and cloaking structures [32] have
been proposed. which offer a control over the wavefront in a
more sophisticated manner. The primary advantage of coding
and diffusion metasurfaces over the checkerboard type surfaces
is that it scatters the incident EM waves into all directions.
In addition, coding metasurfaces are also being exploited as
an absorptive surface to realize essential RCS reduction [33].

To date, many metasurface architectures have been proposed
to accomplish wideband RCS reduction [17], [19]-[29]. Due
to the lack of reliable theoretical models, the conventional
design methodologies mostly rely on empirical reasoning,
physical intuition, or trial and error. Additionally, a consider-
able involvement of human interaction makes such methods
laborious and time-consuming, also because full-wave EM
simulations have to be used to evaluate metasurface charac-
teristics in a reliable manner. Altogether. the aforementioned
downsides pose serious questions concerning the efficacy of
experience-driven methods, and their capability of finding truly
optimum designs. Considering the practical design measures,
the problem is additionally exacerbated by highly nonlinear
input—output relationships. Efficient development of high-
performance metasurfaces requires a new algorithmic frame-
work that goes beyond interactive approaches and permits
design automation, reliability, and computational efficiency.
At this point, it should be mentioned that unprecedented
advancements in computing hardware and software consider-
ably increased the popularity and widespread use of rigorous

EM-driven design methodologies, primarily based on numer-
ical optimization [34]. However, direct EM optimization of
metasurface designs when using conventional algorithms may
be prohibitively expensive, especially when global search is
required. A practical workaround is utilization of machine
learning methods [35]=[39], including surrogate modeling
techniques [41]-{44]. Shifting the computational burden to
a cheaper representation of the structure at hand and the
incorporation of other means such as problem decomposition
[45] may expedite the parameter tuning process and enable
globalized search, otherwise infeasible when operating directly
on EM simulation models. At this point, it should be men-
tioned that more generic approaches are also possible, where
parametric optimization of the unit cells (and the metasurface)
of a fixed geometry is replaced by topology optimization. In
this case, the entire geometry of the metasurface is subject to
the optimization process, which brings in additional degrees
of freedom. This type of tasks is often handled using inverse
modeling methods (see [46], [47]).

This article describes a rigorous machine-leaming-based
framework for efficient EM-driven design of low scattering
metasurfaces. Its basic components include surrogate modeling
of AMC cells and their concurrent optimization using a
combination of global search and local refinement, as well
as direct local tuning of the entire metasurface. Utilization
of surrogate models allows for expediting the process of
parameter adjustment that aims at broadening the frequency
range for which the phase difference between two AMC
cells remains within the 143°-217° range. Having optimum
unit cell geometries, further EM-driven tuning of the cell
parameters is carried out at the level of the entire checkerboard
metasurface. The process is fast due to the availability of a
good initial design produced at the earlier stages, as well as
utilization of trust-region (TR) gradient algorithm with sparse
sensitivity updates [45]. Moreover, a regularization approach
is used to efficiently handle frequency-localized violations of
the RCS reduction threshold that occur while enhancing the
overall reduction bandwidth. To calculate the RCS reduction
bandwidth of a metasurface, a PEC surface of a similar size is
implemented to be used as a reference surface. In this study,
we considered checkerboard metasurfaces to demonstrate the
utility our framework; nevertheless. the introduced design
optimization methodology is not limited to this particular class
of structures. The presented procedure is generic and can be
applied to any type of metasurface architecture. At the same
time, it should be emphasized that the proposed optimization
procedure addresses the problem of parameter adjustments
of unit cells and metasurfaces of fixed geometry. Topology
optimization is outside the scope of this work.

The presented framework addresses the key challenges of
metasurface design as elaborated on earlier in this section.
It enables fully automated and optimum design within the
assumed parameter space. The design methodology is vali-
dated both numerically and experimentally. The technical nov-
elty and major contributions of this article can be summarized
as follows: 1) the development of machine-learning-powered
framework for reliable and efficient EM-based optimization
of checkerboard metasurfaces; 2) demonstrating the practical
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utility of our approach in the context of broadband meta-
surface design using three application examples; and 3) the
development of a high-performance checkerboard metasur-
face featuring over 100% relative RCS reduction bandwidth.
To the authors™ knowledge, the proposed framework is the first
systematic procedure proposed in the literature for globally
optimum design of low scattering checkerboard metasurfaces.

The remaining part of the article is organized as follows.
In Section I1, we formulate the metamodeling-based procedure
for concurrent optimization of the pairs of unit cell geome-
tries. Subsequently, a regularization-based formulation of the
metasurface design problem is provided for broadband RCS
reduction, followed by a complete optimization procedure.
In Section III, we demonstrate the performance of the pro-
posed procedure using three benchmark examples. Section I'V
provides experimental validation of the metasurface design
featuring over 100% RCS reduction bandwidth. Section V
concludes the article.

II. MACHINE-LEARNING-POWERED EM-BASED
METASURFACE DESIGN

This section provides a comprehensive description of the
proposed machine-leaming-powered EM-driven design pro-
cedure. We start by presenting the metamodel-based proce-
dure for concurrent optimization of the pairs of unit cells
for required reflection phase characteristics. Subsequently,
a regularization-based formulation of the metasurface design
problem is provided for broadband RCS reduction. The section
is concluded with a summary of a complete optimization
procedure. Application of the proposed framework to low
scattering metasurface design will be provided in Section IIL

A. Concurrent Unit Cell Optimization by Machine Learning

The purpose of the machine-learning-based optimization
procedure is to find a pair of unit cell designs featuring
the phase difference within the range of 180° % a,,, over
a possibly broad frequency range F. Here, @, is set to 37°,
as suggested in [24]. The vectors of designable variables for
a pair of unit cells will be denoted as x| = [xy, xinl” €
X, and x3 = [x21...x2,]" € X2, and their EM simulated
responses will be represented by P (x) and P;(x). respectively.
The latter denotes the phase reflection characteristics. The
parameter space X; is determined by the user-defined lower
and upper bounds & = [Ii1 .. .lin]” and mi = [ui1 .. win]” so
that I;y < x;p < wip, I = l.....nand i = 1, 2. Notwithstanding,
in many practical cases, the topology and hence the vector of
designable variables for the two unit cells is identical.

Initially, the acquisition of the training data is carried out by
uniformly allocating N samples within the parameter spaces,
X, and X;. and evaluating the EM simulation model to obtain
the corresponding responses. Subsequently, the metamodels §,
and §» are constructed within X, and X; using kriging interpo-
lation [40], [41]. The model is trained using the data samples
(P (x”))im1_wi. where Pox') and N; denotes the
EM-simulated response of the kth design and the total number
of training samples for the ith unit cell, respectively. The data
samples are arranged on a rectangular grid, which is a suitable
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design of experiment strategy for a low-dimensional case. The
allocation of the grid nodes in each direction is decided based
on the large-scale sensitivity analysis.

Kriging is a Gaussian process-based modeling technigue
[40] widely used for constructing interpolating surrogates in a
broad range of applications. For the convenience of the reader,
a brief outline of the technique is provided below assuming
scalar output. Generalization for vector-valued functions is
straightforward. The function of interest is assumed to be of
the form

flx)=gx)" B+ Z(x) (L

where glx) = [gilx) g;(x}...gﬂfx}]r are known (here, EM-
simulated) system responses, 8 = [f1fz... fy]" are the
unknown hyperparameters, and Z(x) is a realization of a
normally distributed Gaussian random process with zero mean
and variance ¢2. The regression component g(x)" § serves
as a trend function for f, whereas Z(x) manages localized
variations from the trend. The covariance matrix of Z(x) is

Con[Z(xD)Z(xD)] = R([R(=D, xD)]) @)

where R is a p x p comelation matrix with Ri; = Rix',
x'7), and R(x", x'7) is the correlation function between data
samples x'" and x'/. Here, we use a Gaussian correlation
function of the form

R(x.y) = exp[—zsklx. - ku]
k=1

where £ are the unknown correlation parameters, and x; and
¥ are the kth elements of the vectors x and y. respectively.
The kriging model is defined as [40]

(3

s(x) = glx) B+ r" (x) R (h — GB) )

where
rix) = [R{x.x'") . R(x,x'")] (5)
f=[rE) @) )] (6)

and G is a p x N matrix with G;; = P;(x'"). The vector of
model parameters § can be computed as
B=(G"R'G)'G"R'f. 0
Finally, model fitting is accomplished by maximum likeli-
hood scheme for &

—[pIn(z?) +In|R|]/2. ()
(=%)

Here, both & and R are the functions of #. The com-
ponents of the vector-valued metamodels §; and §; of the
phase characteristics P, and P,, respectively, are the kriging
interpolation surrogates rendered for phase responses at all
individual frequencies in the considered frequency sweep.

Having the trained metamodels 8§, and S;. the concurrent
unit cell optimization is carried out over the joint parameter
space of the pair of cells, that is, the Cartesian product X x X».
The goal of the optimization procedure is to find a pair of unit
cell designs x3 = [(x})" (x5)"]” maximizing the frequency
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range for which the phase difference between the two satisfies
the condition

T
180° — Gy < AP([{IT)’(I;}T] ) < 180° + . (9)

Specifically, the design task can be formulated as follows:

Xy = a.rgiyé:%il:;n U(AP(x,)) (10)
and the objective function I/ is defined as
U{‘QP{’P}}=_UR{1FJ_fL(IP}] (1

where f; and fg are the frequencies defining the largest
continuous frequency range for which condition (9) is satisfied.
The minus sign in (11) turns the maximization task into the
minimization one.

Global optimization is performed based on a structured grid
(in an exhaustive manner). Let My, _n, be a rectangular grid
such that x; € M, _u, if and only if ¥; = [xi..x;,]7 is
of the form x;; = lie + Jiel(wie—liedmig], k= 1..... n, and
i = 1. 2, where m;; i1s a grid-defining integer for the kth
variable of ith unit cell., and j;; € {0, 1...., m;}. The initial
approximation x| of the global optimum of §, and §; is
found as

' —arg  min
P TEMim.me
XEMimy . my

UAP([x)" (x2)7])). (1)

In other words, x!? is obtained by exploring all possi-
ble combinations of unit cell designs x; & My u1_m, and
X3 € M:sp1 ma and identifying the one that minimizes UF.
After determining If]. the local refinement is executed using
gradient-based search [48]. The computational cost of the
global and local optimization process is negligible because it
is executed at the level of the fast kriging metamodels 8§, and
5. Additionally, the complete procedure is implemented in a
vectorized manner to further speed-up its operation. Clearly,
there is an initial cost associated with the acquisition of the
training data for surrogate model construction. The latter is
unavoidable to render the aforementioned computational ben-
efits and to enable global search in the first place. The details
concemning the acquisition cost are provided in Section III
in the context of specific verification examples considered
therein.

B. EM-Driven Metasurface Refinement for RCS Reduction
Bandwidth Enhancement

Upon adjusting the unit cell parameters as described in
Section II-A, EM-driven refinement of the entire metasurface
is carried out. This stage is necessary because optimized
dimensions of the cells do not translate into optimum design
of the entire structure; recall that the unit cells were tuned
to satisfy the phase condition (9). To obtain the best possible
performance, the enhancement of the RCS bandwidth has to
be performed directly.

Let x, denote the aggregated (n, + n:)x 1 geometrical
parameter vector of the pair of the unit cells. Furthermore,
let Ryq(x4. f) represent the frequency characteristics repre-
senting the RCS reduction, that is, the difference between the

R | dB)
)

3 4 5 L 7 & 9 {1}
Frequency (GHz)

Fig. 1. Exemplary RCS reduction characteristics with the RCS bandwidth
mearked using the thick horizontal line and representing the largest (contin-
wous) frequency range satisfying the condition Rreal xa, f) = rma; here,
Fmax = 10 dB.
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Fig. 2.  Practical issues relaied io conventional RCS bandwidth reduction
definition. The sequence of plots from {a) to (c) indicates RCS characteristics
at () initial design, (b) intermediate design, and (c) optimum design featuring
the largest bandwidth. Because the intermediate design exhibits violation
of the Fms threshold, the bandwidth at this design is significantly smaller
than around the initial design and the optimum design. In other words,
a discontinuity occurs, which can make the optimum design unattainable
from the given initial design when using local optimization routine (the only
practical option for direct EM-driven metasurface design).

monostatic RCS of a reference (metallic) surface and that of
the considered metasurface, where f stands for the frequency.
Conventionally, the RCS reduction bandwidth Bres to be
maximized is defined as the broadest continuous frequency
range satisfying the condition Reeg(X s, f) = Fpe. Where ryu
stands for the acceptance threshold (e.g.. 6 or 10 dB).

This is illustrated in Fig. 1. The problem with this definition
has been indicated in Fig. 2. If the initial and the optimum
design are separated by the designs that violate the acceptance
threshold ryw, [see Fig. 2(b)]. a discontinuity of the bandwidth
value will be observed along the path connecting the two
designs, which essentially prevents local (e.g., gradient-based)
optimization algorithm from reaching the optimum.

The latter is the only practical option for direct EM-driven
metasurface tuning due to high costs incurred by structure
evaluation. On the other hand, a situation as illustrated in Fig. 2
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Fig 3. Excmplary RCS chamcteristic with the lower frequency f;. upper
frequency i, and Fpgy violation g, marked to indicate the defining quantities
of the objective function for RCS reduction bandwidih improvement.

is a commonplace because the optimum design would often
correspond to the RCS characteristics almost violating the
threshold at certain frequencies [see Fig. 2(c)]. Consequently.
an efficient adjustment of metasurface parameters needs a
different formulation of the objective function.

Consider Fig. 3, where the frequencies f. and fy stand
for the minimum and the maximum frequencies (within
the considered simulation range) for which the condition
Rrealxa. f) = rous is satisfied. Let 4, stand for the maxi-
mum violation of the above condition within the frequency
interval [ f; fir]. Using these, the objective function Uges for
metasuface tuning will be defined as

Upes(xa) = —[fulxa) — frlx)]+ fe(xa). (13)

The first term in (5) is the negative RCS reduction band-
width (to turn the task into a minimization problem). The sec-
ond component is a regolarization term with the function ¢
defined as ¢ (x,) = d, if d; > 0 and zero otherwise. Its
purpose is to increase the objective function if violation of the
acceptance threshold is detected.

The contribution of the regularization term is controlled by
coefficient . Here, it is set to § = 1, but this value is not
critical. Nevertheless, it can be used to control the amount of
violation that can be tolerated.

The most important advantage of formulation (13) is that is
effectively alleviates the difficulty related to conventional for-
mulation. In particular, the objective function does not exhibit
discontinuities related to in-band violation of the acceptance
threshold, which makes the optimum design attainable through
local search for situations depicted in Fig. 2.

The optimization process is realized using the TR gradient
search algorithm [48], [50]. The parameter tuning task is
formulated as

xy=arg min_ Uges(xa). (14)

xasXixXa
The TR algorithm renders a series of approximations rf_‘n,

J=0,1. tox% as

i+ - (W]

x = min Lycglx
A xEX kX res(¥4)
P —d ey cxlih_gli)

arg (15)

where L:{;_]-s is the objective function of the form of (13)
but computed from the first=order Taylor expansion model of
Rieaix . f) established at the current iteration point xf;’]_
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The construction of the Taylor model requires the knowl-
edge of the Jacobian matrix of R,.. which is estimated using
finite differentiation in the first iteration and then updated by
the adaptive application of the rank-one Broyden formula [45].
Using this approach, the tuning process can be realized at a low
computational cost, typically about M - n of EM simulations
of the metasurface, where n is the number of geometrical
parameters, and M = 3=4. The TR size vector ') is adjusted
by means of the standard TR rules [48].

C. Optimization Framework

The algorithm starts by defining the lower and upper bounds
to determine the parameter spaces X; and allocating N;
samples. The rectangular grids M; (see Section II-A) are
established by investigating the large-scale sensitivities of
the unit cell responses to their geometrical parameters. The
training data are obtained by evaluating the EM simulation
model at the assigned locations. In the next step, the kriging
metamodels 8 and §; are constructed and used as predictors
of a unit cell reflection phase characteristics over the spaces
X;. The concurrent unit cell optimization is then carried out
to find a pair of cell designs featuring the phase difference
within a particular range.

The first stage of this process is a global search (4), followed
by local (gradient-based) tuning. Having the optimum pair
of unit cells, their periodic arrays are used in an alternate
manner to characterize a checkerboard metasurface. Finally,
EM-driven fine tuning of the cell parameters is carried out at
the level of the entire surface. This stage follows the procedure
described in detail in Section II-B.

The proposed framework enables expedited and effi-
cient development of high-performance metasurfaces featuring
broadband RCS reduction characteristics. The flow diagram
of the machine-learning-powered EM-based design framework
has been shown in Fig. 4, whereas Fig. 5 shows the flow
diagram of the local tuning procedure.

III. ApPLICATION EXAMPLES

This section presents the operation and performance of
the machine-learning-powered EM-based design procedure
using three application case studies. We start by applying the
proposed framework to a geometrically simple structure. This
example is also wsed to explain and emphasize the impor-
tance of various components of the algorithmic procedure.
Subsequently, two more cases are considered featuring more
complex unit cell geometries. The obtained RCS reduction
bandwidths are compared with those reported in the source
article. A discussion of the results and various aspects of the
presented framework is also provided in the last part of this
section. The experimental validation of one of the considered
metasurfaces will be discussed in Section IV.

A. Case I: Checkerboard EBG Surface Utilizing Rectangular
and Circular Cell Topologies

Our first application example is a checkerboard surface
consisting of a rectangular and circular shape unit cells. The
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Fig. 4. Flow diagram of the proposed machine-leaming-powered EM-based
framework for developing low scattering metasurfaces.
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Fig. 5. Flow diagram of the EM-based local refinement stage.

cell geometries and the entire surface configuration are shown
in Figs. 6 and 8, respectively. The structure is based on a
design proposed in [23]. It is implemented on a ground-
backed Rogers RT/duroid 5880 lossy substrate (g, = 2.2,
h = 635 mm, tand = 0.0009). During the simulations,
metallization is represented as perfect electrical conductor
(PEC). The overall size of a single unit cell is W, x L, =
15 x 15 mm®. As shown in Fig. 6, there are two geometrical
parameters [ and w, for Cell 1, and one parameter d for Cell 2
that control the design topology of a corresponding unit cell.

| —=X

Fig. 6. Geometries of the optimized unit cell designs: Cell 1 (left), and Cell
2 (right).
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Fig. 7. Reflection performance of the optimized unit cells: reflection

amplitude (top) and reflection phase (bottom). The responses of Cell 1 and
Cell 2 are marked gray and black. respectively, whereas the blue curve
indicates the reflection phase difference. The gray-shaded area in the bottom
plot indicates the range of acceptable phase differences.
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Fig. 8 Geometry configuration of the optimized metasurface {afier three-
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Hence, the vectors of designable variables are ¥; = [lw]” and
x2 = [d]": L,. W,, W,,, L,,. and 5 are all fixed. The sample
spaces X; and X> are defined by the lower and upper bounds
as: Iy = [12 1217,y = [14.9 14.9) . and I = 1, wy = 5: all
dimensions are in millimeters.

For constructing metamodels §; and S, the training points
are arranged in a uniform grid M4 4 and Mg (see Section
II-A) with a total of 196 and 100 samples in the sample
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spaces X and X», respectively. A joint parameter space is the
Cartesian product X, x X. The acquired data are divided into
the training (85%) and the test data (15%) to be used for split-
sample error estimation. The frequency-domain solver of the
CST Microwave Studio is used to evaluate the phase reflection
responses of the unit cell.

The trained metamodels have been used at the concurrent
unit cell optimization stages (procedure of Section II-A) to
find the pair of designs, and the optimal geometries obtained
in the process are x} = [13.5263, 13.0684]" and x3 = 2.2814.
Their topologies are shown in Fig. 6, and the EM-simulated
reflection response along with the reflection phase difference
between the two cells are presented in Fig. 7. It can be
observed that condition (1) is satisfied for the continuous range
of frequencies from 3.6 to 8.2 GHz, and hence the latter can
be anticipated as the approximate RCS reduction bandwidth
of the entire metasurface.

Having the optimal pair of unit cell designs, their periodic
arrays are implemented in an alternate manner to characterize
a 2 x 2 checkerboard metasurface; see Fig. 8. Each lattice
of a periodic surface comprises 16 elements, that is, 4 x 4
planar array of Cell 1 or Cell 2. The total size of the surface
is Wyy % Loy = 120 % 120 mm®. The interelement spacing
of individual unit cells in an array 15 5 = 15 mm. Again,
the surface is implemented on a Rogers RT/duroid 5880 lossy
substrate. To characterize the RCS reduction performance,
a PEC surface of a similar size is also used. Hereafter, the EM-
driven approach (see Section II-B) is adopted to fine-tune the
RCS reduction bandwidth in the vicinity of the optimal cell
geometries, following their surrogate-assisted global optimiza-
tion and local refinement. To this end, the time-domain solver
of CST Microwave Studio, MATLAB R2018a, and MATLAB-
to=-CST socket (for communication with the EM solver) is
used.

To obtain the best possible performance, the optimization
of the RCS reduction bandwidth has to be performed at the
level of the entire metasurface. The availability of a good
starting point, identified earlier, is critical to ensure reliability
of the tuning process. In particular, it makes the utilization
of the gradient-based algorithm sufficient to find a global
optimum with a high likelihood. This is due to optimizing
the unit cells in a global sense and the fact that the properties
of the phase difference characteristics are good estimators of
the RCS reduction bandwidth at the metasurface level. At the
same time, utilization of the local optimization algorithm with
its low computational cost is the only practical option when
optimizing the EM model of the entire structure.

The optimum design obtained after the completion of the
procedure given in Section II-B is x%, = [13.952, 5.824,
3.151)". To corroborate the utility of a proposed design frame-
work in the context of broadband RCS reduction, the mono-
static RCS performance for the normal incidence has been
determined. For the sake of comparison, the RCS perfor-
mance reported in [23], the RCS reduction bandwidth obtained
after designing the surface based on the optimum geometries
identified after the procedure of Section II-A, and the final
RCS characteristic upon accomplishing the metasurface opti-
mization are all gathered in Fig. 9. It can be observed that
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Fig. 9. Monostatic RCS performance of the metasurface design reported
in [23] (gray), performance after the first and the second optimization stages
(Section T1-A) (black), and the performance of the final design {Section 1I-B)
{blue). The horizontal red line represents the 10-dB RCS reduction threshold
relative to the PEC surface.

the machine-learning-based concurrent unit cell optimization
considerably increases the bandwidth compared with the con-
ventional design approach. The EM-driven optimization of the
entire structure further extends the RCS reduction bandwidth.
It should be noted that the violation of the 10-dB threshold
occurring at certain frequencies upon metamodeling-assisted
cell optimization is efficiently handled by the TR algorithm.
The 10-dB RCS reduction bandwidth at the final design
extends from 4.1 to 9.7 GHz. This result corroborates the
importance of EM-driven optimization at the metasurface level
and demonstrates the efficacy of the methodology proposed in
this work. The computational cost of the first and the second
stage (machine-learning-powered unit cell optimization) is
negligible, whereas the cost of EM-driven refinement stage
is 15 metasurface simulations.

Throughout this work, Intel Xeon E5540 dual-core machine
with 18-GB RAM is used. The EM simulation model of the
unit cell and the entire surface contains about 19 000 and 563
000 mesh cells, respectively. The simulation time of the unit
cell and the metasurface is about 40 s and 2 min, respectively.
The CPU time required for training data acquisition is about
3 h, whereas the time required for the refinement stage is
30 min. As mentioned before. the cost of global and local
optimization of the unit cells (conducted at the level of the
kriging surrogate) is negligible. Consequently, the overall CPU
time of the entire design optimization procedure is about 3 h
30 min.

The bistatic RCS performance versus the elevation angle
theta # along the principal and the diagonal planes is shown
in Fig. 10. The results demonstrate that the metasurface
exhibits more than the 15-dB RCS reduction in the principal
and the diagonal planes, compared with the metallic surface.
This reduction occurs because the reflected fields are redi-
rected into four main lobes, instead of the single main lobe in
the case of the metallic surface.
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Fig. 10. Bistatic RCS performance at 5.5 GHz along the principal planes  Fig. 12, Reflection performance of the optimized unit cells: reflection

(top) and along the diagonal planes (bottom). The curves comesponding to
the two planes p = 0/45 and p = 9135 are marked in blue and gray,
respectively, whereas the black curve indicates the scattered field from the
PEC surface.
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Fig. 11. Geometrics of the optimized unit cell designs (upon applying the
procedure of Section I-A): Cell 1 (left) and Cell 2 (right).

B. Case 2: Checkerboard Metasurface Applying
Mushroom-Like Cell Topologies

The second structure under consideration is more chal-
lenging in the sense of being based on more complex unit
cell geometries described by a larger number of designable
parameters. It is a checkerboard metasurface comprising
mushroom-like unit cells; see Figs. 11 and 13. The structure is
implemented on a ground-backed Arlon AD250 lossy substrate
(g, =25, h = 1.5 mm, tand = 0.0018). The overall size
of a single unit cell is W, x L, = & x 6 mm?® There
are three geometrical parameters that determine the shape of
each unit cell designs, that is, Cell 1 and Cell 2. Therefore,
the two vectors of designable variables are x, = [y i’
and x> = [p;_.bzdz]]—: L., W,, L., W,,, and 5 are all fixed.
The parameter space X, = X; = X is determined by the
user-defined lower and upper bounds as: [ = [3.5 0.3 0.2]7,
u = [10 1.6 2.4]7; all dimensions are in millimeters. In this
case study, the underlying topology of the two unit cells is the
same, as opposed to the previous case study. where the two
unit cells were based on entirely different structures.

For constructing a metamodel S, the training points are
arranged in a uniform grid M5 ;27 (see Section II-A) with

amplitude (top) and reflection phase (bottom). The responses of Cell 1 and
Cell 2 are marked in black and gray, respectively, whereas the blue curve
indicates the reflection phase difference. The gray-shaded area in the bottom
plot indicates the range of acceptable phase differences.

Fig. 13, Geometry configuration of the optimized metasurface (after three-
stage optimization procedure).

a total of 588 samples in the space X. As mentioned earlier,
the underlying topologies of both the cells are identical, and
therefore. only a single metamodel is needed. Similarly as for
the first example, the accumulated data are divided into the
training (85%) and the test data (15%) to be used for split-
sample error estimation. The frequency-domain solver of the
CST Microwave Studio is used to evaluate the phase reflection
responses of the unit cell.

Having a trained metamodel §, the concurrent unit cell
adjustment is performed (see the procedure of Section II-A)
to find a pair of optimum designs. The geometries obtained
after completion of the surrogate-assisted global and local
optimization are x] = [4.222. 1600, 2.400]" and x3 =
[4.944, 0.878, 0.930]". The designs are shown in Fig. 11,
whereas their EM-simulated reflection performance along with
the reflection phase difference are presented in Fig. 12. The
expected RCS reduction bandwidth that can be deduced from
the phase reflection response is from 17 to above 35 GHz.

After finding the optimized pair of unit cells, the checker-
board metasurface is characterized following a similar proce-
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Fig. 14. Monostatic RCS of 2 metasurface afier first and second optimization
stages (see Section II-A) (black) and the RCS performance after the final
stage (Section [I-B) (blue). The horizontal red line represents the 6-dB RCS
reduction threshold relative to the PEC surface.

dure as discussed for the first application example. The surface
configuration is shown in Fig. 13. The total size of the surface
is Weyx Ly, = 48 x 48 mm”. The interelement spacing of
individual unit cells in an array is s = 6 mm. The surface is
implemented on Arlon AD250 lossy substrate.

Again, the EM-driven local tuning is performed at this
stage (see Section I[-B). The design obtained at the final
optimization stage is x7, = [4.492, 1.601, 4.296, 3.485, 0.795,
0.382]". To quantify the performance of the proposed design
framework, the RCS reduction bandwidth obtained when the
metasurface is implemented using the cell designs identified
by the procedure of Section II-A, and the reduction bandwidth
obtained at the final design is demonstrated in Fig. 14.

It can be observed that the machine-learning-based cell
optimization procedure already ensures a broadband RCS
reduction performance. However, the performance is consid-
erably improved after applying the EM-driven optimization.
The 6-dB RCS reduction bandwidth extends from 13 to over
40 GHz. Owing to the implemented acceleration mechanisms,
the cost of the final refinement stage is only 32 EM simulations
of the metasurface.

In this case, the EM simulation model of the unit cell and
the entire surface contains about 22 000, and 2 400 000 mesh
cells, respectively. The corresponding simulation times are 70 s
and 30 min, respectively. The CPU time required for training
data acquisition is about 11 h, whereas the time required for
the refinement stage is about 15 h. Consequently, the overall
CPU time of the entire design optimization procedure is about
26 h.

Finally, the scattered field as a function of the elevation
angle theta & along the principal and the diagonal planes are
presented in Fig. 15. The bistatic RCS performance of the
metasurface is compared with the PEC surface of similar size.
The results indicate that the metasurface offers nearly 20-dB
RCS reduction in both the principal and the diagonal planes.
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Fig. 16. Geometries of the optimized unit cell designs (as reported in [17]):
Cell 1 (left) and Cell 2 (right).
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Fig. 17. Geomeiry configuration of the optimized metasurface (obtained

using the optimization procedure of Section I1-B).

C. Case 3: Metasurface Using Jerusalem Cross-Shaped Unit
Cells

The final application example is based on a surface pre-
sented in [17]. It consists of a Jerusalem-cross-shaped unit
cell topology. The unit cell geometries and the entire surface
configuration are shown in Figs. 16 and 17, respectively. In
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Fig. 18 Monostatic RCS performance of a metasurface design reported in
[17] (gray) and after applying the proposed framework of Section IT (blue).
The horizontal red line represents the 10-dB RCS reduction threshold relative
to the PEC surface.

this case, a ground-backed Rogers 3010 lossy substrate (g, =
10.2, h = 1.27 mm, tand = 0.0022) is used to design the
individual unit cells and the complete metasurface. The size
of a single unit cell is W, x L, =4 x 4 mm®. There are three
geometrical parameters in both unit cells, and hence the two
vectors of designable variables are x; = [I{/zw]7 and x> =
[Islqws]7: Ly, Wy, Ly, Wy, and s are all fixed. The sample
space Xy = X; = X is determined by the lower and upper
bounds as: [ = [0.50.20.1]7, u = [2 1 0.3]7; all dimensions
are in millimeters.

For constructing a surrogate §, the training points are
arranged in a uniform grid Mgg 7 with a total of 567 samples
in the space X. Again, the accumulated data are divided into
the training (85%) and the test data (15%) to be used for split-
sample error estimation. As in the first and second examples,
the concurrent unit cell optimization is performed to find a pair
of designs. The optimal geometries obtained after completion
of the surrogate-assisted global and local optimization are
x} = [0.5408, 0.2704, 0.1769]" and x% = [1.9694, 0.9847,
0.317.

The checkerboard metasurface is implemented using the
optimum unit cell geometries; see Figs. 16 and 17. The overall
size of the metasurface is Wi x L. = 48 x 48 mm? and
the intercell spacing is § = 4 mm. The EM-driven design
optimization procedure is subsequently used in the final design
x% = [0.668, 0.716. 0.201, 1.905. 0.902, 0.317]". The cost
of the final tuning stage is only 56 EM simulations of the
metasurface. The monostatic RCS reduction performance as
a function of frequency is presented in Fig. 18. As expected.
the considerable threshold violations present after the first and
the second optimization stages are greatly reduced at the final
design.

In this case, the EM simulation model of the unit cell
and the entire surface contains about 25 000 (simulation time
75 s5) and 1 700000 mesh cells (simulation time 33 min),
respectively. The simulation time required by the training stage

Fig. 19.  Bistatic RCS performance at 17 GHz along the principal planes
{top) and along the diagonal planes (bottom). The characteristics at the two
planes coresponding to @ = W45 and @ = 9135 are marked in blue and
gray, respectively, whereas the black curve indicates the scattered field from
the PEC surface.

TABLE I
DESIGN PERFORMANCE AT VARIOUS STAGES OF THE
PROPOSED FRAMEWORE
Fractional bandwidth (%)
Application
Examiple Reported i the Afler two-stage After EM-
literature optimization driven tuning
Case 1 [23] 6l T 80
Case 2 - 83 =104

Case 3[17] 39 5T s6

* Fractiona| bandwidth including level violation at certain frequencies.

is approximately 12 h, and the total time required for entire
design optimization procedure to complete is about 42 h.

Notwithstanding, a 10-dB RCS reduction threshold is stll
slightly violated at certain frequencies. Overall, the RCS
bandwidth is extended by about 3 GHz when compared with
the design reported in [17].

Fig. 19 shows the bistatic RCS performance versus the
elevation angle theta # along the principal and the diagonal
planes. The results imply that the optimized metasurface
features more than the 15-dB RCS reduction in the principal
and the diagonal planes, compared with the PEC surface.

D. Discussion

The breakdown of the results obtained at different stages
of the proposed design optimization framework is provided
in Table I. It can be observed that for the first verification
case, the machine-learming-assisted unit cell optimization itself
yields 9% enhancement of the fractional RCS reduction band-
width when compared with the previously reported results,
based on the traditional design methods. The EM-driven fine-
tuning leads to additional 10% improvement. In the second
application example, the improvement is as high as over 21%
due to EM-based tuning of the metasurface. Note that the
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Fig. 20. Photograph of the prototyped checkerboard metasurface.

absence of any prior work for this geometry only allows
us to compare the performance of individual components of
our framework. A similar trend has been observed for the
third example where application of the proposed algorithmic
framework improves the fractional RCS reduction bandwidth
from 39% to about 56%. Altogether, it can be concluded
that our procedure allows for significant fractional bandwidth
enhancements at the level of 15%=25%. when compared with
the existing methodologies.

In more general terms, it should be emphasized that the
presented design procedure offers several advances over the
traditional methods. First, a machine-learning-powered unit
cell optimization ensures globally optimum solution within the
parameter space which was not previously achievable using
experience-driven methods. Having a good initial design upon
the accomplishment of the first and the second stages of the
algorithm, fine-tuning of the RCS reduction bandwidth through
EM-driven optimization can be realized efficiently. It is further
accelerated by means of sparse sensitivity updates.

It is worth mentioning that the employment of the reg-
ularization term allows for efficient handling of frequency-
localized violations, which leads to a seamless improvement of
the overall RCS reduction bandwidth, which is not achievable
using conventional formulation of the design task. Addition-
ally, our methodology is fully automated. Once the design
problem is formulated in a requisite manner. the algorithm
successfully finds the best possible design within a realistic
timespan and computational resources.

IV. EXPERIMENTAL SETUP AND RESULTS

In this section, the experimental validation of the metasur-
face using mushroom-like unit cell designs (see Section III-B)
is presented. The monostatic RCS measurement setup is
described, and the simulation results are corroborated with the
corresponding measurements. Finally, the metasurface perfor-
mance is benchmarked against the state-of-the-art structures.

A. Measurement Setup and Experimental Validation

The structure described in Section ITI-B has been fabricated
to verify the EM simulation results. A photograph of the proto-
typed metasurface is shown in Fig. 20. The RCS performance
of a metasurface has been evaluated in terms of reflectivity,
owing to limited amenities. The equivalent PEC surface has
been used as a reference to quantify the RCS reduction of a
metasurface under consideration.
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Ant#1
Vector Network Surface
Analyzer (VNA) Ant#2 under test
/1Rx)
Fg. 21. Block di of the

Transmitting
and receiving
antennas

Fig. 22. Measurement sctup at Reykjavik University.

The measurement setup consists of a vector network
analyzer and the two linearly polarized horn antennas
(PE9850/2F-15), used as the transmitter and the receiver,
respectively. To certify normal incidence of the impinging
waves on a structure, the two antennas are place vertically to
the surface under test. The distance between the surface and
the antennas is maintained to ensure far-field conditions. The
schematic of the measurement setup can be found in Fig. 21.
The scattering performance of a surface under test is evaluated
by the antenna transmission coefficient, captured by the vector
network analyzer. In the same way, the reflection from the
equivalent PEC surface has been measured for comparison.
The measurements have been carried out using the anechoic
chamber of Reykjavik University (see Fig. 22).

Fig. 23 presents the simulation and measurement results
in a monostatic environment. There are several factors that
contribute to the slight disagreement between the two data
sets. The misalignment of the transmitting/receiving antenna
with respect to surface under test contributes predominantly.
Needless to say, proper orientation of a metasurface (realized
manually) is a challenging endeavor. A slight misalignment
here may lead to fairly large inconsistencies. However, it is
evident that the measured RCS reduction follows a similar
trend as its simulated counterpart. Additionally, the measured
RCS reduction performance agrees to the 6-dB threshold
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25 TABLE II
E" 20 DESIGNED METASURFACE VERSUS STATE-OF-THE-ART DESIGNS
=
=
215 Frequency range Fractional
& Design h:;t:;:::c; {=6-dB RCS bandwidth
o ! reduetion) (GHz) (%)
S [51 1801 §0%3,5 86234 92
S [52] 32843283 5179 43
0 - - - - - . [53] 400040035 5.0-14.1 82
kil i} 30 32 34 I a8 4
Frequency (GHz) [54] 2(6:4% 2643 §.4-23 93
) . ) [55] 112%112%6.35 4-1048 91
Fig. 23. Measured (black) and simulated {gray) RCS reduction performance B
comparison. The red curve indicates the 6-dB RCS reduction threshold. [56] 112%112%6.35 37510 S0
10 [24] 150=150=3.175 7.7-16.5 T2
[57] 250%250%3.18 9108 75
5 ts-:;::mm[f[km 48748515 1340 =10

2

RCS (dBm "y

15 mn 25 in 15 4y
Frequency (GHz)

Fig. 24. RCS reduction characteristics of a 2 x 2 (black) and 6 x 6 (gray).
The red curve indicates the 6-dB RCS reduction threshold.

in the frequency range of 26.5=40 GHz. The measurement
has been limited to over 26.5 GHz due to the available
hardware. The above findings allow us to conclude that the
designed metasurface features low the scattering property in a
broadband frequency range, and therefore, it has the potential
to replace the metallic surfaces in applications where high
stealthiness is essential.

The primary reason for considering a 2 x 2 metasurface
throughout the study is that the RCS reduction performance
is always normalized to equivalent size PEC surface, and
therefore, the size of the metasurface is a nominal factor.
This issue has been discussed in the literature (see [17].
[23]). In particular, it has been argued that the RCS reduction
performance of a 2 x 2 metasurface with reference to a
metallic surface is a decent representative of the corresponding
structure of a larger size. This has been numerically corrobo-
rated through a comparative study carried out to compare the
RCS reduction performance of a 2 » 2 and 6 » 6 metasurface,
using the design described in Section ITI-B. Fig. 24 shows the
comparison between these two cases. It can be observed that
the RCS reduction responses are well-aligned, which can be
viewed as a comparison of the RCS performance invariance
with respect to the metasurface size in the considered context.

B. Benchmarking

The main purpose of this article was to propose a systematic
framework for computationally efficient and reliable design

optimization of low scattering metasurface. In the course
of verification of the presented methodology, it has been
demonstrated that it does allow for obtaining higher quality
designs than those produced by traditional design approaches.

Here, for the sake of supplementary validation, the meta-
surface considered in Section III-B is benchmarked against
the state-of-the-art designs from the literature to emphasize
that our approach is capable of yielding structures that are
competitive in terms of relevant performance figures. The
latter, for low observable metasurface designs, is primarily
the continuous range of frequencies rendering RCS reduction
characteristics, when compared with the equivalent metallic
surface. For fair assessment, the comparison is carried out
in terms of the fractionalfrelative RCS reduction bandwidth.
As indicated in Table I, the presented metasurface design out-
performs a number of other reported structures. Additionally,
our design covers several radar frequency bands, including Ku,
K, and Ka. Consequently, it can be used in a wide selection
of applications.

V. CONCLUSION

In this article, we proposed a machine-leaming-powered
EM-driven design framework to enable the development
of high-performance metasurfaces featuring broadband RCS
reduction. The latter is particularly desirable in stealth tech-
nology, empowering combat aircrafts to potentially evade
the enemy’s radar to a satisfactory extent. Our framework
uses fast metamodels replacing CPU-intensive EM simulations
during the initial stages of the design procedure. followed
by the expedited EM-driven fine-tuning of the metasurface
geometry parameters. Using the surrogate as a fast predictor
replacing the EM-simulation model allows us to significantly
accelerate the process of determining globally optimal unit cell
geometries, that is, maximizing the frequency range for which
the required phase difference (here, 180°+ 37°) is maintained.
The computational cost of the training stage is very much
practical (typically, up to a few hours), and it significantly
reduces the overall cost of the metasurface design procedure.
As a matter of fact, surrogate-assisted approach enables global
search, otherwise infeasible when using conventional means.
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Subsequently, EM-dnven adjustment of the geometry para-
meters is carried out at the level of the entire metasurface
to directly extend the RCS reduction bandwidth. The opti-
mization is realized by applying TR gradient algorithm with
sparse sensitivity updates. Furthermore, the objective function
for the process is modified by incorporating a regularization
term to efficiently handle frequency-localized violations of the
RCS reduction threshold. This demonstrably leads to improved
reliability and quality of the design process when compared
with a conventional formulation of the optimization task.

The design utility of the proposed framework is compre-
hensively validated using three practical examples, also sup-
ported by the experimental validation of a high-performance
metasurface involving mushroom-like unit cells. Here, we only
considered checkerboard-type metasurfaces; nevertheless,
the introduced design optimization methodology is not limited
to this particular class of structures. The framework is generic,
and it can be applied to any other architecture as long as it is
of fixed topology (i.e.. the design task can be formulated as the
adjustment of geometry/material parameters of the structure).
Optimization of the metasurface topology is out of the scope of
this work. The overall computational cost of the optimization
process typically corresponds to a few dozens of EM simula-
tions of the entire surface at hand, which is remarkably low
given that the design process is carried out in a global sense.

The prototyped metasurface has been benchmarked against
state=of-the-art designs and demonstrated to be superior in
terms of the RCS reduction bandwidth. This further corrobo-
rates the efficacy of the proposed algorithmic framework in
the development of minimum detectable metasurfaces. The
obtained results also reconfirm that optimization of small (2
x 2) surfaces is sufficient in the considered context (i.e., with
the reference to a metallic surface).

The authors believe that the algorithmic procedure proposed
in this work can be adopted to design of metamaterials and
metasurfaces for other application areas so as to address the
challenges specific to the respective fields. These include but
are not limited to high-gain antennas, optical filters, radomes,
and medical devices.
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Abstraci— Coding metasurfaces have been introduced as
efficient tools allowing meticulous control over the electromag-
netic (EM) scattering. One of their relevant application areas is
radar cross section (RCS) reduction, which principally relies on
the diffusion of impinging EM waves. Despite its significance,
careful control of the scattering properties poses a serious chal-
lenge at the level of practical realization. This article is concerned
with (global) design optimization of coding metasurfaces featur-
ing broadband RCS reduction. We adopt a two-stage optimization
procedure involving data-driven supervised-learning, sequential-
search strategy, and direct EM-based design closure of the entire
metasurface oriented toward maximizing the RCS reduction
bandwidth. Our framework is then used to develop a two-bit
coding metasurface. To handle the combinatorial explosion at
the concurrent meta-atom optimization stage, a sequential-search
strategy has been developed that enables global search capability
at low computational cost. Finally, EM-based optimization is
executed to maximize RCS reduction bandwidth at the level of
entire metasurface. The properties of the coding metasurface are
demonstrated using monostatic and bistatic RCS performance.
The 10-dBE RCS reduction can be obtained in the frequency
range of 14.8-37.2 GHz, in a monostatic configuration. Also,
15-dB RCS reduction can be maintained in the frequency
range of 16.7-37 GHz. Simulations are validated using physical
measurements of the fabricated prototypes. Finally, the perfor-
mance of the structure is benchmarked against recently reported
designs.

Index Termis— Beam manipulation, coding metasurface, dif-
fusion, multibit coding, radar cross section (RCS), supervised
learning.

I. INTRODUCTION
ITH the advancements in radar detection methods,
improving stealthiness of aircrafts has become a
forefront of research within the stealth technology [1]-{3].
Conventional approaches adopted to accomplish the stealth
features commonly involve shape and matenal stealth [4]. The
former impacts the aerodynamic performance and structural
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integrity of the aircraft. The latter suffers from the increased
thickness, weight, and cost. A relatively new class of arti-
ficially engineered materials, or metamaterials, has recently
become a viable alternative to conventional stealth approaches.

A metasurface is a planar patterned surface composed of
subwavelength periodic arrays of meta-atoms (or unit cells),
offering extraordinary characteristics [5]. Until now, metasur-
faces are developed as either absorbing metasurfaces [6]=[8]
or scattering manipulation metasurfaces [9]-[23]. The for-
mer ones are designed to convert the electromagnetic (EM)
wave energy into heat and dissipate it. These metasurfaces
are susceptible to infrared detectors, which increases their
detection probability. In 2011, Yu er al [9] proposed a
generalized Snell’s law, followed by the introduction of the
idea of scattering manipulation [10] and, finally, the design
of the metasurface composed of V-shaped meta-atoms [10].
Therein, the phase and the amplitude of the EM wave can be
effectively manipulated by changing the meta-atom geometry.
Also, the weight, thickness, and losses of the structure can be
maintained below a certain, practically acceptable level. These
attributes make the scattering control metasurfaces a hotspot
in the stealth research.

Contemporary metasurfaces can be classified into single-
beam [9], [10], multibeam [11]=][13], and the diffusion meta-
surfaces [14]-{19]. The single-beam scattering metasurfaces
offer radar cross section (RCS) reduction in a monostatic
configuration; however, they are not effective to reduce bistatic
RCS. essential in the context of multibase radar detection
technology. To realize RCS reduction in a bistatic regime,
it is important to increase the number of scattering beams.
One example is a checkerboard metasurface [13], employing
two distinct meta-atom designs in a chessboard configuration.
The two meta-atoms represents two-phase states (0 and )
to realize essential RCS reduction [13]. However, a limited
number of scattering beams and a fixed beam propagation
direction limit the widespread utility of a checkerboard meta-
surface. To further increase the number of scattering beams,
the idea of diffusion metasurface (also referred to as a coding
metasurface) has been presented [14]-[16], featuring a random
arrangement of the meta-atoms. This leads to the increased
number of scattered beams and, hence, successful bistatic RCS
reduction. In [15] and [16], the coding diffusion metasurfaces
are exploited to achieve the required RCS reduction perfor-
mance. Yet, the RCS reduction performance of such structures.
is limited up to 50° angle of incidence (as in [15]). In this class
of metasurfaces, the major scattering directions remain within
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a certain angular range, which might have adverse effects on
the RCS performance. The absence of rigorous methods of
predicting and controlling the allocation of the scattered beams
hinders the widespread use of diffusion metasurfaces. Their
backscattering characteristics solely rely on the geometrical
structure of meta-atoms. To provide additional degrees of
freedom and to facilitate the manipulation of EM waves, four
types of meta-atom designs representing four phase states
(0, o2, x, and 3x/2) can be utilized as a building block of a
two-bit coding metasurface [20]. [21]. However, the develop-
ment of such architectures involves concurrent optimization of
the meta-atoms. The lack of efficient technigues to optimize
individual meta-atoms and the entire metasurface limits the
performance of multibit coding metasurfaces, in particular,
their RCS reduction bandwidth.

Conventional metasurface design methodologies employ
empirical reasoning and intuition-inspired practices. The
two design stages involved in the process are the design
and optimization of individual meta-atoms, followed by the
optimization of the entire metasurface. Due to the absence
of reliable analytical models, the only practical choice
is experience-driven design methods. Unfortunately, such
approaches exhibit limited efficacy as well as capability
to identify truly optimum designs. Efficient development
of multibit metasurfaces requires innovative algorithmic
solutions, capable of tacking the aforementioned downsides.
The developments in high-performance computing have
dramatically boosted the utility of rigorous EM-driven design
procedures, principally based on numerical optimization [24].
However, direct EM-based optimization of complex structures
using conventional algorithms may be prohibitively expensive,
especially if global exploration is needed. A practical solution
might be the utilization of supervised machine learning [25],
involving metamodeling [26]=]29]. Shifting the computational
overhead to a cheaper metamodel, implementing a sequential-
search strategy, and finally incorporating other means such as
problem decomposition [31] may enable efficient development
of complex multibit metasurfaces, otherwise impractical.

This work proposes a novel algorithmic framework for
global optimization of two-bit coding metasurface featuring
broadband RCS reduction performance. The metasurface is
composed of lattices featuring four unique geometries of
meta-atoms to mimic “00." “01." “10.” and *11" binary codes,
standing for a phase reflection state of 0, x/2, &, and 3x/2,
respectively. The optimization procedure adopted in this work
involves a data-driven supervised-learning technique [32],
sequential-search strategy to face combinatorial explosion and
permit global exploration, as well as EM-based local optimiza-
tion of the entire structure at hand. It should be noted that the
concept of supervised-learning-based optimization procedure
has been adopted from [32]: however, the global optimization
procedure (the sequential-search algorithm) has been devel-
oped specifically to tackle the challenges pertinent to handling
four meta-atoms, where the original approach of [32] would
not work doe to excessive computational costs. Supervised
learning involves sampled EM simulation data, with the sur-
rogate model implemented using kriging interpolation [25].
The latter serves as a meta-atom phase characteristic predictor

during the global optimization stage. The sequential-search
strategy is introduced to decompose the optimization task by
gradually increasing the pool of simultaneously considered
pairs of meta-atoms, thus effectively administering the compu-
tational overhead. This turns instrumental in handling the task,
otherwise computationally prohibitive considering the large
dimensionality of the parameter space. At the EM-based local
optimization stage, a trust-region (TR) gradient algorithm with
sparse sensitivity updates [31] and a regularization approach
is applied to expedite the optimization procedure and to
efficiently handle frequency-localized violations of assumed
level of the RCS reduction.

The adopted algorithmic solution addresses the key chal-
lenges pertinent to global optimization of meta-atom designs
in a fully antomated manner. It has been applied to develop a
multibit coding metasurface featuring 10-dB RCS reduction
in a frequency range from 14.8 to 37.5 GHz. The design
is validated both numerically and experimentally and shown
to outperform the state-of-the-art benchmark structures with
respect to the RCS reduction bandwidth and the level RCS
reduction.

The technical novelty and major contributions of this article
can be summarized as follows: 1) development of an algo-
rithmic solution to enable systematic and globally optimum
meta-atom designs; 2) development of sequential approach
for global optimization of meta-atoms to address the issue
of combinatorial explosion when handling simultaneous para-
meter tuning of multiple unit cells; 3) development of alter-
native objective function formulation for efficient EM-dniven
design closure of the metasurface. addressing the problem of
discontinuities due to localized violations of the acceptance
threshold for the RCS reduction; 4) corroborating the efficacy
of the design procedure as well as demonstrating its practical
utility in the context of complex metasurface design and opti-
mization; and 5) the employment of the proposed algorithmic
framework to the development of a high-performance two-bit
coding metasurface for broadband RCS reduction. It should be
emphasized that the proposed algorithmic solution is=——to the
authors” best knowledge—the first endeavor in the literature
to ensure globally optimum meta-atom designs, indispensable
in the development of complex multibit coding metasurfaces.
At the same time, it should be reiterated that the primary
point of interest and the scope of the article are numerical
optimization of multibit coding metasurfaces, in particular
introduction of a procedure for identifying globally optimum
parameter setup and providing the means that allow us to
solve numerical challenges that arise on the way (cf. points (ii)
and (iii) mentioned above). Proposing methods for RCS reduc-
tion is outside the scope of this work. The considered specific
metasurface design is discussed merely as a demonstration
example for the algorithmic framework.

This article is organized as follows. In Section II,
we introduce the geometry and EM modeling of the
exemplary meta-atom, subsequently used to develop the RCS
reduction metasurface and to demonstrate the considered
algorithmic solution. Section III provides the comprehensive
description of the supervised-learning-enabled concurrent
meta-atom optimization procedure. Section IV discusses the
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Fig. 1. Configuration of the meta-atom considered in this work. (a) Crusader
cross topology. (b) Five exemplary meta-atom geometries within the parameter
space.

optimization results, followed by a demonstration of a two-bit
coding metasurface and its experimental validation. Section V
concludes this article.

II. GEOMETRY CONFIGURATION OF META-ATOMS
AND CODING METASURFACE

This section describes the topology of a considered meta-
atom (metasurface building block). It also contains a brief
discussion concerning the coding sequence applied in the
development procedure of a two-bit coding metasurface uti-
lized to demonstrate the algorithmic framework proposed in
the work.

A. Meta-Atom Geometry

Fig. 1(a) shows the geometry of a meta-atom design con-
sidered in this work. The underlying topology is borrowed
from [32]. and it resembles the crusader cross. The geometry
is parameterized as

e
fm=ﬁ. O=r=bh (0

where p, b, and d, are the designable variables that deter-
mine the overall structure of the meta-atom. The considered
geometry offers ample flexibility in the meta-atom design
[cf. Fig. 1ib)] while using a small number of designable
variables. The latter facilitates the supervised-learning-based
modeling process and, in particular, ensures the reliability of
the replacement model without incurring excessive computa-
tional expenses. Fig. 1(b) shows the geometrical flexibility
of the considered meta-atom design, ie., broad ranges of
visually distinct topologies that can be generated using the
basic geometry of Fig. 1(a).

A ground-backed Arlon AD250 is modeled as a dielectric
layer with a relative permittivity of (s, = 2.5), a loss tangent

ol ol 1 01

LU [V U )

Fig. 2. Coding sequence applied to develop 4 x 4 diffusion metasurface.

of (tand = 0.0018), and a thickness of (h = 1.5 mm). Perfect
electrical conductor (PEC) is selected as the metallic material
in the computational (EM simulation) model. The overall size
of the meta-atom is W x L = 6 x 6 mm?.

B. Coding Sequence of a Two-Bit Coding Metasurface

The development of a two-bit coding metasurface requires
the utilization of four meta-atom designs. Consequently, the
coding sequence encompassing four atoms is sophisticated
than that corresponding to the standard chessboard config-
uration involving only two atoms. Here, the four atoms are
represented as “00.” “01,” “10,” and “11.” in the arrangement
shown in Fig. 2. Each atom represents a phase reflection
state of 0, x/2, &, and 3x/2, respectively. As presented,
the entire matrix includes sixteen lattices, arranged in
a 4 x 4 configuration.

III. SUPERVISED-LEARNING-ENABLED METASURFACE
OPTIMIZATION FRAMEWORK

This section briefly describes the implementation of a
supervised-learning-based design procedure. We start by sum-
marizing the complete procedure, followed by a discus-
sion of the major components of the two-stage optimization
procedure.

A. Design Approach Summary

The complete metasurface design procedure consists of
two independent optimization stages. The first stage involves
construction of a fast replacement model (surrogate) of the
meta-atom within the parameter space determined by the lower
and upper bounds of designable variables. Here, the allocation
of the training samples on a rectangular grid is followed by
data acquisition through EM simulations of the meta-atom
computational model. The surrogate itself is rendered using
kriging interpolation. The trained model is utilized as a pre-
diction tool for global exploration of the parameter space. The
latter is computationally prohibitive when executed directly at
the level of the EM simulation model. Low dimensionality of
the parameter space allows sufficient prediction power of the
surrogate and thus to eliminate EM analysis from the global
exploration stage altogether. Furthermore, the global search
is carried out in a sequential manner to efficiently handle
combinatorial explosion pertinent to concurrent optimization
of four meta=atoms. Finally, EM-driven optimization of the
entire metasurface is performed to directly extend the RCS
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Fig 4. Algorithmic flow of a sequential-search stage (cf. Fig. 3).

reduction bandwidth. The flow diagram of the complete design
optimization procedure along with a separate illustration of the
global search stage is shown in Figs. 3 and 4, respectively. The
details concerning individual parts of the process are provided
in the remaining part of this section.

B. Data-Driven Modeling and Concurrent Optimization of
Meta-Atoms

The initial optimization stage involves data=-driven meta-
models [32]. It determines four globally optimum meta-atom

designs exhibiting the phase difference within the range of
{Jjml2 £ @yax}j=1,2,3 over a possibly broad frequency range
F. The threshold @y, is set to 37°, considering practical
recommendations in the literature (see [13]). These phases are
understood as pertaining to the first and the second meta-atom
(T2 Eog,). the second and the third meta-atom (2x/2
it ), and the third and the fourth atom (37/2 +aa.).

The vector of designable variables and the response of the
EM simulation model will be denoted as x = [x;,....x,]7 €
X and Rp(x), respectively. The latter represents the phase
reflection characteristics of the corresponding meta-atom
design.

The parameter space X is defined by the lower and upper
bounds I = [Iy,....1,]" and & = [uy, ..., u,]" such that i; <
NE=w,l=1,...,n

The data acquisition is accomplished by uniformly allocat-
ing N samples within the parameter space X and obtain-
ing their corresponding EM simulation responses. Therein,
the surrogate model § is trained by means of kriging inter-
polation [25]. The model is identified using the training
samples {1“]‘, RP{I[H}]ﬁL__,-,-. The samples are allocated
on a rectangular grid, with the number of grid nodes along
each parameter space axis decided based on a large-scale
sensitivity analysis. This design of experiments is suitable for
low-dimensional parameter spaces. The kriging model uses
the first-order polynomial as a trend function and a Gaussian
correlation function.

The surrogate model is employed to carry out global opti-
mization of the four meta-atom designs, aiming at identifica-
tion of the variable vectors x'/*, j = 1, 2, 3, and 4, such that
that the phase differences at the level of the surrogate model,
e, APV xUHD%) = 5% — §(x'F+Y*) simultaneously
conform to

%—am, = AP[x® xUtle) < %-I—ﬂm (2)
for j = 1, 2, and 3. over a possibly wide range of frequencies.
As mentioned before, we set ay, = 37°. Using the aggregated
variable vector where the objective function U is defined as

T
X, = [(It]}):l" (7T ( T (It-l))r] 3)
the design task can be formulated as follows:
*p= a'rg:,enm)}Exxx Ulxp)- @

The objective function I/ is defined as
Utxy) = —[ frlxy) — fi(xp)) (5)

where f; and fg are the frequencies determining the largest
continuous frequency range for which the phase difference
condition (2) is satisfied for all frequencies f € [fr. fz].
Having a fast surrogate model, the intention is to perform a
global grid-constrained exhaustive search, followed by a local
refinement. We denote by Mp,__me a rectangular grid defined
so that x € My me if and only if x = [xq, e xg]T is of
the form xy = [ + jel{ug — LWmg]. & = 1, ... n, where
my is a grid-defining integer for the kth variable and j; €
{0, 1,....m;}. Exhaustive search entails solving the problem

U, L@ )

oy -
X = .ﬂlg min
" 0 e,

e
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Unfortunately, with four meta-atoms, we face combinatorial
explosion: assuming, for the sake of example, that the grid
_____ am has Ny = 1000 nodes, the number of designs to
consider is 10'2, which is computationally prohibitive even
with a fast surrogate. Here, in order to address this issue, a
sequential procedure is implemented as follows.
1) Consider the first two meta-atoms. Among all combi-
nations x'V, x2 € M, ... and select N; best pairs
Xy = {xIME x23EY, wi. with respect to the objec-
tive function Uy(xp) = U ([( x®)T(x)T]), where
Uilxm) = —[fm(-\'pl) = le(-tpl)]‘ with fr; and fig
being the frequencies determining the largest continuous
frequency range for which the condition (2) is satisfied
within f € [ fr1, fm] for j = L

2) Consider the first three meta-atoms. Among all combi-
nations x''", x'*!, and x'* such that {x'", ¥} € X,
and ) € My .. select Na best triples X» = {alIE
2k i3k w1, with respect to the objective
function Us(xpa) = Uy (™)™ ( x®)7 (x*)7]), where
Uslxpa) = =l fralxpa) — fralxp2)], with fr2 and fea
being the frequencies determining the largest continuous
frequency range for which the condition (2) is satisfied
within f € [fr2, fr2] for j = 1 and 2 simultaneously.

3) Consider all four meta-atoms. Among all combinations

'V x® 2 and ¥ such that {xV, ¥ ¥} € X»
and x™ € My ma. find the best vector xf;" according
to the objective function (6).

MNote that the number of combinations that have to be con-
sidered at steps 2 and 3 of the above procedure is only NNy,
instead of N and N, respectively. Thus, the overall number
of considered grid node combinations is only No(Ny + 2N, ),
which would be 3Nj if Ny = Ny i1s selected (as in our actual
numerical experiments). Again, assuming Ny = 1000 (in
practice, less than that, cf. Section IV-A), the reduction of cost
is six orders of magnitude. At the same time, the probability
of finding a truly optimum design this way is very high
because it is extremely likely that the global optimum of
(6) will be among the best Ny combinations of the first two
meta=atoms contained in X; and even more so among the best
N; combinations of the first three meta-atoms contained in
Xa.

The design 12" is further refined using standard
gradient-based search at the level of the surrogate §. This is
to improve the resolution beyond the initial grid Mmi__ ma
When using the above-described surrogate-assisted sequential
procedure, the computational cost of the global optimization
stage is low.

C. EM-Driven Design Optimization of Entire Metasurface

Following global optimization of the meta-atoms,
EM-driven refinement of the entire metasurface is needed.
The latter is indispensable as the optimized meta-atoms
do not directly translate into optimum design of the entire
structure; recall that meta-atoms were tuned to satisfy the
phase difference condition (2), whereas the ultimate goal is
to maximize the RCS reduction bandwidth, and therefore,
the enhancement has to be performed directly. Moreover, due

RCS reduction RCS reduction bandwidth
et

- Threshold (standard fofmul
g 20 Fi formalatio b'r \lulmun/\:n( iont

a -

4 H 7 E )
Frcqucm‘}' {GHz)

Fig. 5. Exemplary RCS reduction characteristics representing potential pract-
cal issues. The thick red horizontal line represents the RCS bandwidth { Byeg)
according to the standard formuolation, whereas the dashed red horizontal line
represents Byeg as defined by (7). If the RCS reduction characteristics changes
in the course of the optimization process to create the acceptance threshold
violation as shown in the picture, a large discontinuity of the bandwidth
will be ohserved {when evaloated using the standard formulation), which is
problematic to the optimization process. As opposed to that, the formulation
{7y accommodates the violation without creating any discontinuities.

25

20
15 'dr
H -/\fr H

7 ] L
Fr\cqucncs 1GHz)

Rn_nj (6154

Fig. 6. Exemplary RCS characteristic with the lower frequency 1, upper
frequency fir. and fma violation dr marked o indicate the defining quantitics
of the objective function for RCS reduction bandwidth improvement.

to high computational cost incurred by structure evaluation,
TR gradient-based algorithm is the only practical choice.
Even in that case, certain acceleration mechanisms should
be incorporated to reduce the CPU overhead to acceptable
levels.

Let x4 denote the aggregated designable parameter vector
of four meta-atoms. Furthermore, let Ry.a(x 4. f) represent the
RCS reduction characteristics over frequency f. The RCS
reduction bandwidth Byes is defined as the continuous range
of frequencies satisfying the condition Rea(xa, ) = Fmax,
where ruay stands for acceptance threshold (e.g., 10 or 15 dB).

A practical challenge associated with the standard formu-
lation of the optimization task is that local violations of the
condition Ryy(Xs, ) = Fpae. unavoidable in the course of
the optimization run, lead to discontinuities of the objective
function (here, the RCS reduction bandwidth), as shown
in Fig. 5. These are problematic to gradient-based optimization
algorithms. A workaround is regularization, where violations
are incorporated into the objective function without creating
discontinuities and large jumps in the (formally defined)
bandwidth. A possible formulation is the following, see Fig. 6.
Here, fi and fy represent the minimum and the maximum
frequency for which the condition Reg(xa. f) = Fuax 1S
satisfied. Let o, denote the maximum allowed violation within
the frequency interval [fp fy]. Using these, the objective
function Uges for metasuface optimization will be defined as

Ugcs(xa) = —[fulxa) — frlra)] + e (xy) N

The first term in (7) 1s the RCS reduction bandwidth (the
minus sign is to convert the problem into a minimization task).
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The second component is a regularization term with the
function ¢, defined as ¢ (xy) = d, if d, > 0 and zero
otherwise. It is introduced to increase the objective function if
violation of the acceptance threshold appears. The contribution
of the regularization term is controlled by coefficient §. Here,
it is set to f# = 1. but this value is not critical. Nevertheless,
it can be used to control the tolerance level of 4.

The formulation (7) efficiently addresses the issues related
to the standard formulation, particularly, the in-band violations
of the objective function within the potential bandwidth. The
parameter adjustment task is formulated as

(8)

-« .
Xy = mgmlnIJEXxIxXxXURL'S{IA)-

Optimization is performed wsing the TR gradient search
algorithm [33], [34]. To expedite the process, the Jacobian
matrix of Ry is estimated using finite differentiation in the
first iteration and then updated using the rank-one Broyden
formula [31] in the subsequent iterations. Typically, the num-
ber of EM simulations required to achieve an optimal solution
is M - n, where n is the number of designable variables, and
M =34

IV. RESULTS AND DISCUSSION

A. Numerical and Experimental Validation of the
Metasurface

This section presents the modeling and optimization results
together with the performance evaluation of the optimum
meta-atom designs. The design configuration of the coding
metasurface is also demonstrated along with its experimental
validation, followed by a discussion of its monostatic and
bistatic RCS performance.

B. Modeling and Optimization Results of Meta-Atoms

The meta-atom design under consideration [cf. Fig. 1(a)]
has three geometry parameters, ie., p, b, and d. Hence,
the vector of designable variables is x = [p b d]"; L and W
are fixed. The parameter space X is determined by the lower
and upper bounds I =[3.50.30.2]" and w = [10 1.6 2.4]"; all
dimensions are in mm. The training samples are distributed on
a uniform grid M5 27 (cf. Section I1I-B) with a total number
of N = 588 samples. The acquired EM simulation data have
been divided into the training (85 percent) and the test data
(15 percent), later utilized for model accuracy evaluation.
The frequency-domain solver of the CST Microwave Studio
is utilized to evaluate the phase reflection responses of the
meta-atoms.

The absolute error of the surrogate model is as low as 0.86°
(averaged over the testing set) with the standard deviation
of 1.7°. These figures demonstrate good predictive power of
the surrogate, especially when considering the typical range
of the meta-atom phase response (>4007). Fig. 7 shows the
surrogate and EM-simulated meta-atom responses at selected
test locations. The agreement between the surrogate and
EM-simulated responses is excellent.

Having a trained surrogate model, the optimization is
performed according to the procedure of Section III-B.
The obtained geometries are x'"* = [4.222 1.6 2.175]7,
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P =[3.5 1.456 0.2]". x¥* = [3.5 1.022 0.2]", and x** =
[10 0.422 0.2]. Fig. 8 shows the designs, classified as “00."
“017 “10" and “11.” The reflection amplitude and phase
responses of the meta-atoms are shown in Fig. 9. The phase
difference characteristics are shown in Fig. 10. Note that the
condition (1) is approximately satisfied for the frequencies
from 20 to about 35 GHz. Consequently, this frequency range
can be anticipated as RCS reduction bandwidth of the entire
metasurface.

C. Optimization Results of the Entire Metasurface

Upon finding globally optimum meta-atom designs
(cf. Section IV-A), the coding metasurface is characterized.
For implementing the entire architecture, the periodic lattices
consisting of atoms 00" “01,” *10,” and “11.” are arranged
in a uniform manner to realize a diffusive coding metasurface.
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Fig. 11 shows a two-bit coding metasurface comprising
sixteen elements: each consisting of four 4 x 4 periodic
lattices of meta-atoms “00." “01,” “10," and “11.” The overall
size of the metasurface is W, x L, = 96 x 96 mm®. The
interelement spacing of individual meta-atoms in the array is
5 = 6 mm. The structure is implemented on a ground-backed
Arlon AD250 lossy substrate (&, = 2.5, h = 1.5 mm, and
tand = 0.0018). To test the RCS performance, an equivalent
PEC surface is implemented to be utilized as a reference. The
time-domain solver of the CST Microwave Studio is utilized
for both the monostatic and bistatic RCS analyses.

At this point, the second optimization stage, i.e., EM=driven
local refinement of the entire metasurface, is executed
(cf. Section III-C). The availability of a good initial design,
determined previously, facilitates gradient-based tuning and
allows us to identify globally optimum design at acceptable

Fruqunncyi(‘ Hz)

Fig. 12.  RCS characteristic of the metasurface optimized for 10-dB (top)
and 15-dB (bottom) reduction threshold. The simulated responses after the
procedure of Section I-B (black) and after final optimization stage (blue) are
shown. The red horizontal line represents the target RCS reduction threshold.

computational expenses. Although finding the global optimum
is not formally guaranteed by the procedure, it is very likely
due to the global optimality of the meta-atom designs, and
the fact is that the phase difference properties (2) are reliable
estimators of the RCS reduction bandwidth. Furthermore,
to demonstrate the utility of adopted two-stage optimization
procedure (i.e., efficacy of the initial and versatility of the
final stage), we optimized the metasuface design for two
levels of RCS reduction, i.e., 10 and 15 dB. This corroborates
that following a systematic design procedure (cf. Section III),
the structure can be seamlessly optimized as per the designer’s
needs.

The designs obtained at the final optimization stages for 10-
and 15-dB RCS reduction thresholds are x%, = [3.3978 1.6859
29164 3.2022 1.4472 25102 5.9794 0.8937 2.2448 §.0707
0.7624 0.3210]" and x} = [4.027 1.666 1.806 2.503 1.321
3.054 7.660 0.952 2.8401 9.504 0.810 0.240]", respectively.

To quantify the improvement obtained in the final opti-
mization stage, the RCS reduction bandwidth achieved
upon EM-based tuning is compared to the performance of
the structure implemented wsing the design identified at
the initial optimization stage of Section III-B. As men-
tioned before, the EM-driven optimization is performed for
both 10- and 15-dB RCS reduction levels. The results are
shown in Fig. 12. It can be observed that the supervised-
learning-based design technique already ensures a broad-
band RCS reduction performance. Moreover, after executing
the final optimization stage, the RCS reduction bandwidth
noticeably extends, especially toward the lower frequencies.
The bandwidth improvement level in the final optimization
stage is in the range of 4=5 GHz. For both design scenar-
ios, the RCS reduction occurs in a broad frequency range,
i.e., from 14.8 to 37.2 GHz for 10-dB RCS reduction threshold
and from 16.7 to 37 GHz for 15-dB threshold.

For better illustration, the far-field scattering performance
of a metallic plate, the metasurface optimized for 10 dB, and
the metasurface designed for 15-dB RCS reduction level are
presented in Fig. 13. The 3-D scattering field distribution is
obtained by far-field simulation of the structure. It can be
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Fig. 13. 3-D scattering performance. (a) PEC surface. Metasurface optimized
for (b) 10 dB and (c) 15 dB. The plots correspond to the frequency of 30 GHz.
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Fig. 14.  Bistatic RCS performance at 30 GHz along the principal plane
¢ = 0 (top) and along the diagonal planc ¢ = 45 (bottom). The curves
corresponding to the design optimized for 10 and 15 dB are marked blue and
red, respectively. whereas the black curve indicates the scattered field from
the PEC surface.

noticed that the metallic surface causes strong reflections in
the boresight direction, in a single lobe, when the plane wave
impinges on it. Conversely. the coding metasurface diffuses
the incident wave to several directions of the space. which
results in a significant reduction of the energy in the vicinity
of the scattering peak.

For the sake of supplementary illustration, Fig. 14 shows the
bistatic RCS reduction performance of the considered design

Authorized licensed use limited to: Reykjavik University. Downl
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Phol

Fg. 16. of the prototyped metasurfaces: (a) design x3
(optimized for 10-dB RCS reduction level) and (b) design x} (optimized
for 15-dB RCS reduction level).

at two selected planes. As it can be observed, the reduction
very much depends on the selection of the plane, ie. it
is increased whenever the plane misses the scattering lobes
and deteriorated otherwise. This only indicates that bistatic
performance evaluated at a few selected planes is incapable of
giving a full account for the metasurface operation, in contrast
to what has been fostered in many related works (see [12]).
To further demonstrate the relevance of the considered
design, the sensitivity of its RCS performance to oblique
incidence angles has been analyzed. Fig. 15 shows the specular
reflection performance of a coding metasurface. The monosta-
tic RCS under the oblique plane wave incidence is the RCS in
the specular direction [35]. It can be observed from Fig. 15 that
when the incident angle @ changes from 0°, 30°, 60°, and
90°, the scattering performance remains almost unaltered. This
allows us to conclude that the scattering performance of the
metasurface is insensitive to the angle of incidence. In other
words, the structure exhibits angularly invariant characteristics.

D. Measurement Setup and Experimental Validation

The two designs presented in Section. IV-B have been
fabricated and measured to validate the EM simulation results,
cf. Fig. 16. Due to limited amenities, the scattering perfor-
mance of a coding metasurface has only been evaluated in
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Fig. 17. Mecasurement sctup at Reykjavik University.
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Fig. 18. Block di of the me. nt envir

terms of reflectivity using an equivalent metallic surface as a
reference to quantify the RCS reduction.

The experimental measurements have been carried out in
the anechoic chamber of Reykjavik University and the setup
is presented in Fig. 17. The latter consists of a vector network
analyzer (VNA) and the two linearly polarized horn antennas
(PE9850/2F-15), utilized as the transmitter and the receiver,
respectively. The two antennas are positioned perpendicular
to the surface under test to realize the normal incidence of
the impinging waves and resultant reception of the reflected
waves. The distance between the device under test and the
antennas is selected to ensure operating in the far-field regime.
The schematic of the experimental setup is given in Fig. 18.
The scattering performance of the coding metasurface and the
corresponding metallic surface is evaluated by measuring the
transmission coefficient, captured by the VNA.

The comparison between the measurements and the simula-
tion results is shown in Fig. 19. A decent agreement between
the two datasets can be observed. Slight differences can be
attributed to several factors. Amidst, the spatial misalignment
of the transmitting and receiving antennas with respect to
structure under test contributes predominantly. Needless to say,
the proper orientation of a surface (realized manually) is a
challenging endeavor. A slight misalignment here may lead to
considerable discrepancies. However. the measurement data
confirm the RCS reduction bandwidth obtained through EM

RCS reduction (dB)

26 28 30 32 34
Frequency (GHz)
(a)

RCS reduction (dB)
1

26 2% 30 32 3 % 3K a0
Frequency (GHz)
(b)

Fig. 19. Measured (black) and simulated (gray) RCS reduction performance
comparison for (a) 10- and (b) 15-dB optimized design. The red curve
indicates 10- and 15-dB RCS reduction threshold.

TABLE 1
CONSIDERED METASURFACE VERSUS STATE-OF-THE-ART DESIGNS

Frequency Frequency

: s Multiple
range (> 10- range (=13 diffuse Angle
Design dB RCS dB RCS atiortg  insensitivity
reduction) reduction) Soaticting ' )
(GHz) (GHz) {slti:oi)
[20] 7.5-15 8.8-9.1 yes not studied
[23] 11.95-18.36 12.5-182 yes not studied
[36] 3.75-10 no yes
37 8.6-10.7 9.1-10.2 no yes
[38] 9.7-18.12 11.2-17. yes not studied
[39) $.8-11 none yes not studied
[40] 3.88-4.07 39540 no not studied
41 7.98-16.32 9.7-14.5 no yes
[42) 6.94-9.23 7.2-9.1 yes yes
[15] 17-42 22-28 no yes
(16] 54-74 56-6.8 no yes
This work 14.8-37.2 16.7-37 yes yes

simulation for both 10- and 15-dB thresholds in the frequency
range of 26.5 and 40 GHz. The measurement frequency range
is limited by the available hardware. The above findings allow
us to conclude that the coding metasurface developed using
our algorithmic framework features low observable property
in a broad frequency range, and therefore. it has the potential
to replace the metallic surfaces in applications where high
stealthiness is essential.

E. Benchmarking

The coding metasurface discussed in this work has been
benchmarked against the state-of-the-art structures from the
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literature. The comparison is camried out in terms of RCS
reduction bandwidth, the level of reduction, and the scattering
performance in specular directions. The results are given
in Table I. As indicated, the design developed using the
proposed algorithmic tools clearly outperforms other structures
(based upon multiple diffusive scattering) in terms of RCS
reduction bandwidth and level of RCS reduction. Furthermore,
our design is competitive to similar structures (based upon
single-bit coding scheme) in terms of all of the considered
performance figures. In addition, our design covers two major
radar frequency bands K and Ka. as well as a part of the
Ku-band. Therefore, it has the potential to surpass other
structures proposed for stealth applications.

V. CONCLUSION

This article presents the algorithmic approach developed
for global optimization of multibit coding metasurfaces. The
adopted optimization framework offers new ways of control-
ling the peak RCS reduction threshold, as well as enable
broadband RCS reduction. The metasurface is characterized
by a two-bit coding scheme, ie., it consists of four unique
meta-atom geometries denoted as “00,” “01,” “10,” and “117
binary codes, each representing the phase reflection states of 0,
xf2, x, and 3x /2, respectively.

A rigorous design approach, combining global surrogate-
assisted optimization of meta-atoms and EM-driven tuning of
the entire metasurface, turns out to be cntical to achieve the
aforementioned level of performance. A supervised-learning-
based technigue is initially employed to determine globally
optimum meta=atom designs, subsequently used as the building
blocks of the coding metasurface. The former involves a fast
surrogate model that facilitates exploration of the parameter
space, otherwise prohibitive due to a massive number of
expensive EM-simulations involved. Still. a concurrent opti-
mization of four meta-atoms entails combinatorial explosion,
which hinders the utilization of the standard global exploration
techniques. A sequential-search strategy has been developed
specifically to address this issue. The final stage involves
direct EM-driven optimization of the entire structure, oriented
toward maximization of the RCS reduction bandwidth. The
structure has been optimized for two levels of RCS reduction,
ie., 10 and 15 dB. The performance of the metasurface
design considered as an illustration example is investigated
using monostatic and bistatic scattering properties, indicating
that the RCS reduction is realized in a broad frequency
range, i.e., from 14.8 to 37.2 GHz for 10-dB RCS reduc-
tion level and from 16.7 to 37 GHz for 15-dB level. The
prototypes have been fabricated to corroborate the simulation
results. A good agreement between the two datasets has been
observed. Both structures have been benchmarked against
state-of-the-art designs and demonstrated to be superior in
terms of the RCS reduction bandwidth and the level of RCS
reduction.
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E ABSTRACT The recent advances in the development of coding metasurfaces created new opportunities
in realization of radar cross section (RCS) reduction. Metasurfaces, composed of optimized geometries
of meta-atoms arranged as periodic lattices, are devised to obtain desired electromagnetic (EM) scattering
characteristics. Despite potential benefits, their rigorous design methodologies are still lacking, especially in
the context of controlling the EM wavefront through parameter tuning of meta-atoms. One of the practical
obstacles hindering efficient design of metasurfaces is implicit handling of RCS performance. To achieve
essential RCS reduction, the design task is normally formulated in terms of phase reflection characteristics
of the meta-atoms, whereas their reflection amplitudes—although contributing to the overall performance
of the structure—is largely ignored. As a result, the conventional approaches are unable to determine truly
optimum solutions. This article proposes a novel formulation of the metasurface design task with explicit
handling of RCS reduction at the level of meta-atoms. Our methodology accounts for both the phase and
reflection amplitudes of the unit cells. The design objective is defined to directly optimize the RCS reduction
bandwidth at the specified level (e.g.. 10 dB) w.r.t. the metallic surface. The benefits of the presented scheme
are twofold: (i) it provides a reliable insight into the metasurface properties even though the design process
is carried out at the level of meta-atoms, (ii) the obtained design requires minimum amount of tuning at
the level of the entire metasurface. None of these is possible for phase-response-based approach fostered in
the literature. For practical purposes, the design is conducted using a surrogate-assisted procedure involving
kriging metamodels. which enables global optimization at a low computational cost. To corroborate the
utility of our formulation, a high-performance metasurface incorporating crusader-cross-shaped meta-atoms
has been developed. The obtained results indicate that the system characteristics predicted at the design stage
are well aligned with those of the EM-simulated structure {which is not the case for the traditional design
approach). The metasurface features 10-dB RCS reduction in the frequency range of 16.5 GHz to 34.6 GHz.
as validated both numerically and experimentally.

INDEX TERMS Radar cross section (RCS), periodic structures, design task, optimization, scattering.

I. INTRODUCTION

With the rapid advances in the field of radar detection tech-
nology, maintaining low observability of the aircraft has
become a primary concern of research within the stealth

The associate editor coordinating the review of this manuscript and
approving it for publication was Guido Valerio ™.
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technology [1], [2]. The standard radar cross section (RCS)
reduction methods are based on the shape and material
stealth [3], [4]. The former has a critical impact on the
aerodynamic operation and structural integrity of the aircraft,
whereas the latter is affected by the supplemented weight,
thickness, and cost, resulting in the inability of the method to
meet a variety of stealth needs. To circumvent the aforesaid
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limitations, artificially engineered materials, or metamateri-
als, are being incorporated as alternatives to the conventional
stealth methods.

Metasurfaces, two-dimensional equivalents of metamate-
rials, are planar patterned structures composed of periodic
lattices of meta-atoms (also referred to as unit cells) [5].
Owing to their unique abilities to control the electromag-
netic (EM) wavefront, the utilization of metasurfaces in the
field of stealth technology has been steadily growing [6].
Traditionally, metasurfaces capitalize on two EM mecha-
nisms to realize RCS reduction, i.e., absorbing the incident
energy [7]=[9], and scattering the energy into other directions
(Le., away from the direction of incidence) [10]=[13]. The
operation of the absorbing metasurfaces is based on the con-
cept of converting the EM energy into heat and dissipating it.
On the other hand, the scattering metasurfaces adjust the spa-
tial distribution of the backscattered EM energy by adjusting
the unit cell geometry. and, therefore, control the scattering
properties of the structure. Therein, the aim is to scatter the
incident EM wave into a single abnormal direction. At the
same time. the weight, thickness and losses of the meta-
surfaces can be maintained below a practically acceptable
level. Nevertheless, absorbing metasurfaces are susceptible
to infrared detectors, which predominantly increases their
detection probability. Likewise, the single-beam scattering
metasurfaces only ensure RCS reduction in a monostatic con-
figuration; however, they are not effective to reduce bistatic
RCS.

Recently, the idea of scattering manipulation has been
extended to implement checkerboard metasurfaces [14], [15],
which offer a control over the wavefront in a more sophis-
ticated manner. In a checkerboard-type surfaces, the two
distinct meta-atom designs are employed in an alternate
arrangement, where two atoms represent two phase states
(0 and m) to obtain RCS reduction [14]. Notwithstanding,
such architectures allow for scattering a limited number of
beams towards fixed propagation directions, which limits
their widespread utility. Another effort in this endeavor is the
introduction of coding metasurfaces [16], [17], and diffusion
metasurfaces [ 18], [19]. The primary advantage of coding and
diffusion metasurfaces over the checkerboard type surfaces is
in their capability of scattering the incident EM waves into
all directions, as opposed to a few fixed propagation direc-
tions. In addition to that, coding metasurfaces are also being
exploited as an absorptive surface to realize essential RCS
reduction [20]. In a related vein. the concept of programmable
metasurfaces [21], Huygens’ metasurfaces [22], and cloaking
structures [23], have also been proposed to accomplish RCS
reduction.

The development of scattering metasurfaces involves han-
dling of individual meta-atom designs, and their concur-
rent geometry parameters adjustment. However, the lack of
efficient (presumably global) techniques to optimize indi-
vidual meta-atoms under relevant constraints, as well as
the entire structure. limits the performance of metasurfaces,
in particular, their RCS reduction bandwidth, and the level
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of the reduction peak. Therein, the primary obstacle hin-
dering efficient design of metasurfaces is implicit handling
of RCS performance. To achieve essential RCS reduction,
the design task is typically formulated in terms of phase
reflection characteristics of the meta-atoms. More specifi-
cally, it has been argued in the literature that 10 dB RCS
reduction can be maintained over a frequency band if the
phase difference between the two meta-atoms remains within
the 180° £ 37° range [14]. [15]. On the other hand, their
reflection amplitudes—although contributing to the owverall
performance of the structure—is predominantly ignored. The
work [24] presents an optimization framework for meta-
surfaces based on surrogate models, where the optimiza-
tion formulation accounts for both the amplitude and phase
of the field, however, it is silent on the RCS reduction
properties of metasurfaces. As a result, the conventional
approaches are unable to determine truly optimum solutions,
nor to account for the relationship between the meta-atom
geometry and the RCS characteristics of the metasurface.
In pursuit of these, a novel formulation of the metasurface
design task with explicit handling of RCS reduction at the
level of meta-atoms is required. At this point, it should be
emphasized that highly non-linear input-output relationships
between design variables and the system responses hinders
utilization of conventional optimization methods. On the
one hand, the advancements in high-performance computing,
both in terms of hardware and software, have resulted in
more widespread use of simulation-based design procedures,
principally based on rigorous numerical optimization [25].
On the other hand, direct optimization of complex struc-
tures using conventional algorithms may be prohibitively
expensive, especially whenever global exploration is needed.
A practical solution might be a utilization of data-driven
surrogates [ 26]. involving metamodeling [27]-[29]. Recently,
data-driven techniques have been applied in many areas of
science and engineering [31]-[33]. Furthermore. topology
optimization has been considered as generalization of para-
metric optimization of the meta-atoms (and, consequently,
the metasurface). Therein, the entire geometry of the structure
is subject to the optimization process, which brings in addi-
tional degrees of freedom. This type of tasks is often handled
using inverse modeling methods (e.g., [34], [35]).

To circumvent the implicit handling of RCS characteristics
in the development of scattering metasurfaces, this article
proposes a novel formulation of the metasurface design task
with explicit handling of RCS reduction at the level of meta-
atoms. According to our approach, both phase and reflection
amplitudes of the unit cells are accounted for. The design
objective is defined to directly optimize the RCS reduction
bandwidth at the specified level (e.g.. 10 dB) with the ref-
erence to the metallic surface. Our approach offers a reliable
insight into the metasurface properties even though the design
process is implemented at the level of meta-atoms. Moreover,
the RCS characteristics rendered through optimization of
the meta-atoms is in close resemblance to that of the entire
metasurface. Hence, the latter only requires slight adjustment,
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which reduces the overall computational cost of the design
process. To ensure globally optimum metasurface design,
the design is executed using surrogate-assisted procedure
involving kriging metamodels. The practical utility of our for-
mulation is corroborated by developing a high-performance
coding metasurface including crusader-cross-shaped meta-
atoms. The obtained results indicate that the system charac-
teristics predicted at the design stage are well aligned with
those of the EM-simulated structure (which is not the case
for the traditional design approach). The designed metasur-
face features 10-dB RCS reduction in the frequency range
of 16.5 GHz to 34.6 GHz, as validated both numerically and
experimentally.

The technical novelty and major contributions of this arti-
cle can be summarized as follows: (i) proposing a novel meta-
surface design task formulation with explicit handling of RCS
reduction at the level of meta-atoms; (ii) corroborating the
efficacy of the approach, as well as demonstrating its practical
utility in the context of scattering metasurface design and
optimization, and (ii1) designing a high-performance coding
metasurface for broadband RCS reduction by applying the
proposed formulation. It should be emphasized that the pre-
sented design task formulation scheme is—to the authors best
knowledge—the first endeavor in the literature to explicitly
handle RCS reduction at the level of meta-atoms, which is
indispensable in the development of high-quality metasurface
designs.

The remaining part of the paper is organized as follows.
In Section II. we described the standard metasurface design
task formulations. and, subsequently, introduced the pro-
posed approach. This is followed by an exposition of the
complete optimization procedure. Section III discusses the
modeling and optimization results, as well as the demon-
stration of the practical utility of the presented formulation
through the design of a high-performance coding metasur-
face. The benefits of the proposed and the standard method-
ologies are also highlighted. Section IV provides experi-
mental validation of the considered metasurface design, and
Section V concludes the paper.

Il. DESIGN PROBLEM FORMULATION AND
OPTIMIZATION METHODOLOGY

This section provides a description of the standard meta-
surface design task formulation. Subsequently, a novel for-
mulation is introduced. A surrogate-assisted optimization
procedure involving kriging metamodels and simulation-
based refinement is also outlined. The procedure is tailored
to solve the metasurface optimization problem in a global
sense and computationally efficient manner. Application of
the proposed approach to a coding metasurface design will
be presented in Section II1.

A. METASURFACE DESIGN: STANDARD FORMULATION
The design task of a scattering metasurface is typically formu-
lated to find a pair of meta-atom designs providing the phase
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difference that remains within the range of 180% +£37° over
possibly broad frequency range F, as suggested in [14].

The vectors of designable variables for a pair of
meta=atoms will be denoted as x; = [ ___.:|J.]T € X
and x3 = [x2...12,]7 € Xa, with X| and X> being the
parameter spaces of the meta-atoms. Here, for notational
simplicity the dimensionalities of both spaces are assumed to
be the same; generalization for different dimensionalities is
straightforward. Their phase reflection responses are Rpy(x))
and Rpa(xa), respectively. The objective is to find a pair
of unit cell designs 1; = [(].’?}r (IEJT]T maximizing the
frequency range for which the phase difference ARp(x,) =
Rpji(x)) = Rpzixa) satisfies the condition

180° — —37° = ARp([x}) (x3)717) = 180° +37° (D)
Analytically, the design task can be formulated as follows:

* = in U(AR 2
x, argrpég:zxz (ARp(xp)) (2)
and the objective function U 1s defined as
U(ARp(xp)) = — [fulxp) — frixp)] 3)

where fi; and f; are the upper and lower frequencies, respec-
tively, defining the largest continuous range of frequencies
for which the condition (1) is satisfied.

It should be emphasized that the standard design task of

a scattering metasufrace is merely formulated in terms of
the phase reflection characteristics of the meta-atoms. The
reflection amplitudes of the two atoms are implicitly assumed
to be identical and equal to one. In practical implementations,
these neither equal to each other nor equal to unity. Because
the reflection amplitudes are contributing to the overall per-
formance of the structure, the standard formulation fails to
adequately represent the metasurface properties.

In summary, the three major issues associated with coding

metasurface design based on phase reflection responses are:

» The design problem is defined over an intermediate
functional space (i.e., phase characteristics rather than
RCS responses). Consequently, the design found by
solving (1)=(3) cannot be optimum with respect to the
ultimate target, which is the RCS reduction bandwidth
at the specified level (e.g., 10 dB);

» Neglecting the reflection amplitudes seriously limits the
reliability of the design process.

» Handling phase characteristics does not give a proper
account for the RCS performance, in particular, the RCS
reduction characteristic does not have a direct counter-
part at the level of unit cell (meta-atom) performance.

Addressing these issues entails the development of a novel

formulation of the metasurface design task with explicit han-
dling of RCS reduction. This will be proposed in the next
section below.

B. NOVEL METASURFACE DESIGN TASK FORMULATION

As indicated in Section II. A, the implicit handling of RCS
characteristics leads to serious issues concerning the reliabil-
ity of the metasurface design process. To circumvent these,
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this work proposes a novel design task formulation with
explicit handling of RCS reduction at the level of meta-atoms.
Our approach accounts for both the reflection phases and
amplitudes of the unit cells.

As indicated in [20], the RCS o5 of a one-bit coding
metasurface at a frequency f can be approximated as

A0 £ Ay(p)eF
2

where A;, Az and Py, P; are the reflection amplitude and
phase responses of a pair of meta-atom designs, respectively.
In the standard formulation, the reflection amplitudes of the
two atoms are assumed to be unity. Note that the amplitudes
and phases are functions of the respective meta-atom param-
eter vectors, 1.e., we have Ay(f, x1), P1{f, x1), and A3(f, x2),
P3(f, x3); consequently, we get agif. x,).

In a similar way, the RCS reduction og. of a corresponding
metasurface with the reference to the equivalent metallic
surface can be obtained as

os(f) = 20log 4)

URU~Ip}=JS(f-xp}—ﬂ'P{f~Ip} (5)

where ap is the RCS of an metallic surface. Using (4) and (5),
in this work, the coding metsurface design task is defined to
directly handle the RCS characteristics by solving

. .
X, =arg mn
" xpeX; xX3

Ulog(f. xp)) (6)
with the objective function I/ given as

Ulog(f. x)) = — [fou(xp) — farixp)] (7

where fyp and fyp stand for the upper and lower frequen-
cies defining the broadest continuous frequency range of
frequencies for which U{ag(x,)) is above a specified target
threshold (e.g., 10 dB). The negative sign in (7) transforms
the maximization task into the minimization problem. In our
formulation of objective function, reflection response of a
given meta-atoms is obtained through EM-simulation of the
unit cells. Again, the proposed design task directly optimizes
the RCS reduction bandwidth at the specified level (e.g.,
Tpmax = 10 dB) w.r.t. the metallic surface.

C. SURROGATE-ASSISTED OPTIMIZATION PROCEDURE

In practice, the design task formulated in Section II. B needs
to be solved in a global sense because typical meta-atom
geometries offer considerable flexibility. Consequently, iden-
tification of the region containing the optimum design is
a non-trivial problem. which cannot be solved using local
procedures. At the same time, direct handling of (6) at the
level of EM simulation models {using, e.g.. nature-inspired
algorithms [36]) 1s normally prohibitive. In particular, vast
majority of global optimization methods involve population-
based nature-inspired algorithms, which process sets of can-
didate solutions with typical numbers of objective function
evaluations from many hundreds to thousands. At the same
time, metaheuristic algorithms exhibit limited repeatability of
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solutions (due to stochastic components presents therein), and
high dependence on the control parameter setup.

Here, in order to solve (6) in a computationally feasi-
ble manner, a surrogate-assisted procedure involving kriging
metamodels [26] is applied. In this work, the surrogate is
understood as a fast replacement model, which is used in
place of expensive EM simulations to speed up the opti-
mization procedures. The surrogate is constructed to predict
the responses (e.g., frequency characteristics) of the system
under design as a function of its designable (here, geometry)
parameters so that the predictions are possibly close to those
obtained using simulation. At the same time, the evaluation
time of the surrogate should be considerably lower than for
EM analysis.

In the global optimization process, massive references to
EM analysis of the meta-atoms are replaced by the utilization
of fast surrogates, here, implemented by means of kriging
interpolation [26]. Kriging is a popular data-driven approach
combining low-order polynomial regression with stochastic
maodeling or the residuals between the trend function and
the training data in the form of a linear combination of
basis functions controlled by a set of scaling factors (hyper-
parameters ) [26]. Due to low-dimensionality of the parameter
space (typicaly meta-atom geometries feature up to three or
four parameters), rendering accurate surrogates within the
entire parameter space of interest is computationally feasible.
The acquisition of the training data is accomplished by allo-
cating samples within X; and X3, both defined by the lower
and upper bounds I; =[I;; ... fp_,,]r and wj = [uyy ... n;_,,]r
such that [y < xp <= wp I =1,..., mand i = 1. 2. The
EM maodel is evaluated to obtain the corresponding reflection
amplitude and phase responses. The metamodels represent-
ing these responses will be denoted as 84 and Sp, and are
constructed using the data samples [I{h, R(x{h)}i=ll___‘m-,
where Rj(x;)) denotes the EM-simulated reflection response
(both the amplitude and phase) of the kth meta-atom, and N;
denotes the total number of training samples, respectively.
Here, the samples are distributed on a rectangular grid and
the number of grid nodes along each direction is decided
by a large-scale sensitivity analysis. This design of exper-
iments strategy is suitable for low dimensional problems.
The kriging model is set up using a first-order polynomial
as a trend function, and a Gaussian correlation function. The
large-scale sensitivity analysis is understood here as verifying
the variability of the meta atom responses when varying
individual geometry parameters from their lower to upper
bounds (with the remaining parameters set to the center of
the domain). This gives a good idea of the sensitivity of
the system characteristics with respect to particular variables
across the parameter space.

Having the metamodels, the first step of the optimization
process is a global, grid-constrained exhaustive search. This
is followed by a local refinement, which allows us to deter-
mine the parameter vector minimizing the objective func-
tion (7). thus maximizing the RCS reduction bandwidth at
the specified level opmax.
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The grid-confined global exploration is implemented as
follows. Let M,y _umw be a rectangular grid defined as x €
M1y 1f and only if x = [x;. ._.r[.]'lr conform to x =
Te+ie(ug —Ilg Wy ], wherek = 1, ..., n, my, is a grid-defining
integer for the kth variable, and jz € {0.1,..., my }. The
exhaustive search solves

Utag(f. ['™T @) (8)

I;:;m = min
DMy,

In the above, to maintain the simplicity of notation,
the grids for both meta-atoms are assumed to be identical.
The optimum design r:,m is further adjusted using the stan-
dard gradient-based algorithm [36], again at the level of the
metamodels. This is to improve the resolution beyond the
initial grid M,u1__uw- The computational cost of the entire
optimization procedure is low, considering the fact that it
is executed at the level of fast surrogates. Additionally, the
search process is vectorized to further expedite its opera-
tion. Although the computational cost is front-loaded with
the acquisition of the training data required by metamodel
construction, it is inevitable to render the aforementioned
computational benefits, and to enable global search in the first
place.

The design refinement is subsequently carried out by tun-
ing the geometry parameters of the entire metasurface at the
EM level of description. As mentioned before, because the
proposed formulation of the design problem offers a reliable
insight into the metasurface properties even though the design
process is implemented at the level of meta-atoms, the amount
of this final tuning is normally minor as compared to what
would be necessary in the case of the standard formulation.
The last part of this section briefly describes the design
closure process.

Let x4 denote the aggregated designable parameter vec-
tor identified after surrogate-assisted optimization procedure
and Ryei(x4.f) denote the resultant RCS reduction over fre-
quency f. Moreover, to efficiently administer possible dis-
continuities in the objective function values due to localized
violations of the condition Rpeg(x4.f) = Ogmax at certain
frequency subbands (cf. Fig. 1), a penalty term is introduced.
This way, the violations are smoothly accommodated into the
objective function, which is defined as

Urcs(xa) = —Ifrixa) — o)l + Becxa)®  (9)

The first component in (9) is the primary objective (RCS
reduction bandwidth), whereas the second component is a
penalty term with the function ¢, defined as c.(xy) = d;
if d, = 0 and zero elsewise. It is introduced to handle the
detrimental violations of the acceptance threshold within the
target band. The contribution of the penalty term is monitored
by the factor 8. Here, § = 1, but it is not critical. Neverthe-
less. it can be used to regulate the tolerance level of d,.

The design refinement task is formulated as

Ugesixa) (10

2

xt = min
A ME:AEXL wX
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FIGURE 1. Exemplary RCS characteristic with f; and fi; represent the
il and the maxi frequency for which the condition

Rred (x4, f) = 0gmay. is satisfied, and dr denote the maximum allowed

violation within the frequency interval [fyfiy].

The problem (10} is a simulation-based optimization stage
(i.e., the information about the meta atom characteristics is
primarily acquired from EM analysis), in which we seek for
the parameter vector x; that maximizes the bandwidth in
the sense of (9). Note that this involves independent sizing
of both meta atoms (i.e.. the search process is conducted
over the Cartesian product of the relevant parameter spaces
X and X»).

Here, the trust-region (TR) gradient-based algorithm [37]
is utilized to circumnavigate the high computational cost
incurred by multiple structure evaluations. Additionally,
other acceleration mechanisms, ie., the adaptive applica-
tion of the rank-one Broyden formula [25] is adopted to
maintain the CPU overhead to practically acceptable levels.
Figure 2 shows the flow diagram of the surrogate-assisted
design procedure described above.

Ill. RESULTS AND DISCUSSION

This section presents the topology of the meta-atom (meta-
surface building block) utilized as a specific demonstration
example of the design approach proposed in the work. Sub-
sequently, the modeling and optimization results together
with the performance evaluation of the optimum meta-atom
designs are discussed. Finally, the practical utility and the
advantages of the presented metasurface development task
formulation is illustrated through the design of a complete
metasurface. The detailed performance evaluation of a high-
performance coding metasurface rendered by means of our
approach, will be supplied in Section I'V.

A. META-ATOM GEOMETRY
Figure 3(a) shows the meta-atom geometry considered in this
work as a specific illustration example. The design shape
resembles the crusader cross. The parameters p, b, and 4
determine the overall structure of the meta-atom, and they
are adjusted as a vector of designable variables in the opti-
mization process. The overall size of the meta-atom is fixed
to W x L. = 6 x 6 mm®. As indicated in Fig. 3(b). the consid-
ered design extends ample flexibility while maintaining low
dimensionality of the design space.

The latter eases the data-driven modeling procedure, in par-
ticular, ensures sufficient predictive power of the metamodels
without incurring excessive computational expenses. It must
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FIGURE 2. Flow diagram of a surrogate-assisted design procedure
involving metamodels.
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FIGURE 3. Configuration of the meta-atom considered in this worl:
(a) crusader cross topology. (b) five wplary meta-atom ies
within the parameter space.

be remembered that the geometries in Fig. 3{a) and (b) visu-
ally illustrate the versatility of the considered design topol-
ogy. and they do not represent the optimum designs utilized
in the development of the coding metasurface. The latter will
be supplied in the subsequent sub-section.

Throughout this work, a ground-backed Arlon AD250
(g = 2.5, h = 1.5 mm, tand = 0.0018) is modeled as a
dielectric medium. During the simulations, metallization is
represented as perfect electrical conductor (PEC).
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B. METAMODEL TRAINING AND VALIDATION

As mentioned in the previous section, the considered meta-
atom design (cf. Fig. 1(a)) has three geometry parameters,
i.e.. p. b, and d. Therefore, the vector of designable variables
is x = [pbd]". The lower and upper limits are set to [ =
[3.503 021", and u = [10 1.6 2.4]"; all dimensions are
in mm. The training data is arranged on a uniform grid
M7 127 (cf. Section I1. C) with a total number of N = 588
samples. The obtained EM-simulation data has been divided
into the training (85 percent) and the testing (15 percent) data,
later utilized for split-sample error evaluation. The frequency-
domain solver of the CST Microwave Studio is employed
to obtain the reflection (amplitude and phase) responses of
the meta-atoms. It should be noted that the EM simulation
model of the meta-atom contains about 22,000 mesh cells.
The corresponding simulation time to compute the reflec-
tion response of a meta-atom is 70 seconds. Consequently,
the overall CPU time required for training data acquisition is
about eleven hours.

The absolute error of the metamodels §4 and Sp is 0.0003
0.86 degrees (averaged over the testing data) with the stan-
dard deviation of 0.0005 and 1.7 degrees, respectively. These
statistics validates excellent predictive capabilities of the
surrogates, especially for Sp, where the typical range of
the reflection phase response exceeds 400 degrees. Further,
Fig. 4 demonstrates the surrogate and the EM-simulated
reflection responses for the selected test samples. As can
be observed, the surrogate model responses are in excellent
agreement with the corresponding EM-simulated outputs.
This alignment indicates that the globally-optimum solution
obtained at the level of the surrogate is likely to be located in
a close vicinity of the true (i.e.. EM-level) optimum.

It should be noted that, in this work, the surrogate is
constructed directly for the amplitude and phase responses
of the unit cell, rather than for real and imaginary parts of
the electric field. The latter 1s typically carried out (e.g.,
[39]) due to the fact that real and imaginary components
are smooth and of well-defined ranges. Nevertheless, here,
accurate surrogates of amplitude and phase were obtained
using reasonably small number of training data samples, with
the reported modeling errors giving direct account of the
maodel predictive power.

C. OPTIMIZATION RESULTS

Following the successful training and validation of the meta-
models, the exhaustive search-based global optimization
(cf. (8)) has been executed to obtain the optimum meta-
atom designs. The optimization procedure delivers a solu-
tion as xf = [3.520.732.40]" and x§ = [4.22 1.60 2.16]7.
Figure 5(a) illustrates the designs topologies, labeled as Atom
0 and Atom 1.

To test the consistency of the RCS characteristics obtained
by means of the proposed design problem formulation against
full-wave EM simulations, the comresponding 2 x 2 cod-
ing metasurface is implemented, see Fig. 5(b). The latter
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FIGURE 4. Performance of the surrogate models at the selected test

locations; (a) amplitude (54). and (b) phase reflection response
predictor (5g). EM model (...) and surrogate responses (o).

consists of four elements: each of them contains four 4 x
4 periodic lattices of Atom 0 and Atom 1. The overall size
of the structure is W, = L; = 48 x 48 mm?. The inter-
element spacing among the adjacent meta-atoms is s = 6 mm.
To evaluate the RCS reduction performance of a coding meta-
surface, an equivalent metallic surface is implemented to be
utilized as a reference. The time-domain solver of the CST
Microwave Studio is utilized for EM analysis. The EM sim-
ulation model of the metasurface presented in Fig. 5 contains
about 2,400,000 mesh cells and its corresponding simulation
time is 30 minutes.

Figure 6 shows the comparison between the RCS reduction
performance rendered using our design problem formula-
tion (at the level of meta-atoms), and EM-simulated RCS
reduction of the metasurface. It can be observed that the
two datasets decently coincide with each other. In partic-
ular, the 10-dB RCS reduction bandwidth is identical for
both instances. Finally, the simulation-based local tuning is
performed (cf. Section IL C) for further refinement. The
obtained design is x* = [3.89 1.66 2.46 3.87 0.74 2.54]7.
For the sake of comparison, the RCS performance before and
after simulation-based refinement stage is presented in Fig. 7.
As expected, the improvement at this stage is minor due to
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metasurface (blue). The red horizontal line represents the target RCS
reduction threshold, here 10-dB.

the availability of a good initial design, determined by the
proposed design task formulation. It corroborates the design
utility of the proposed approach. It should also be noted that
certain violation of the 10 dB threshold for RCS reduction
can be observed around the frequency of 35 GHz. This is
due to setting the penalty coefficient # at relatively low value
(here, 100), which makes the objective function tolerant to
small violations of the threshold. while promoting bandwidth
enhancement.
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D. BENCHMARKING

The metasurface design problem formulation proposed in this
work has been benchmarked against the standard formulation
outlined in Section II. A, where only the phase reflection
response of the meta-atoms is considered. The assessment
is conducted in terms of a precise account for the antic-
ipated RCS reduction bandwidth at the level of unit cell
optimization, as well as the actual RCS reduction bandwidth
of the entire metasurface. Figure 8 demonstrates the reflection
(amplitude and phase) performance of the optimum design
solution obtained after applying global optimization proce-
dure of Section IL. C to solve the design task (2). It can be
noticed that when considering the standard formulation as in
(1), the anticipated 10-dB RCS reduction bandwidth extends
from 16 GHz to 36 GHz. However, as presented in Fig. 9,
the actual RCS reduction bandwidth of a corresponding 2 x 2
metasurface exhibits violations of the 10-dB target threshold
at a significant part of the operating band, specifically from
about 13 to 26 GHz, with the maximum violation of almost
3 dB. It should be reiterated that the standard formulation
does not explicitly account for the RCS reduction charac-
teristics at the level of meta-atom performance, and it only
takes into account the phase reflection performance of the
meta-atoms.

In other words, the performance achieved in terms of the
phase responses at the level of meta-atoms does not carry over
to the RCS reduction of the metasurface. On the contrary,
Fig. 6 illustrates that the approximated 10-dB RCS reduction
bandwidth obtained using our methodology 1s nearly identi-
cal to that of the actual bandwidth. Hence, it can be concluded
that our methodology provides a direct account for RCS
reduction performance of the metasurface, and, therefore, itis
more reliable in the development of high-quality structures.

IV. NUMERICAL AND EXPERIMENTAL VALIDATIONS
This section presents a comprehensive description of a high-
performance coding metasurface developed by applying the
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proposed design task formulation. The reason for conducting
the optimization process at the level of a smaller, 2 x 2 meta-
surface, is explained, followed by a discussion on the monos-
tatic and bistatic RCS performance of a designed 6 x 6 coding
metasurface. The experimental setup is also presented, along
with the measurement results of the prototyped measurfaces.

A. CODING METASURFACE PERFORMANCE

So far, we considered a 2 x 2 metasurface throughout the
design optimization procedure. The primary reason is that
the RCS reduction performance of a metasurface is always
normalized to the equivalent size metallic surface. Conse-
quently, the size of the structure is a nominal factor. The
same approach has been adopted in the literature (e.g., [14]).
In particular, it has been suggested that the RCS reduction
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characteristics of a 2 x 2 metasurface with the reference
to a metallic surface provides a decent representation of the
corresponding structure of a larger size. This has been numer-
ically corroborated through a comparative study carried out
to compare the RCS reduction performance of a 2 x 2 and
6 x 6 metasurface, presented in Fig. 10. It can be noticed that
the RCS reduction charactenistics for both structures are well
aligned.

k]

RCS {dBm™)

a

=

15 20 5 30 15 )
Frequency {GHz)

FIGURE 10. RES reduction characteristics of a 2 = 2 (black) and 6 = 6
(blue) metasurface.

At this point, we employ the globally optimum meta-
atom designs obtained in Section III to characterize a high-
performance metasurface architecture featuring broadband
RCS reduction. As mentioned in Section II. B, the RCS of
a one-bit coding metasurface can be approximated as in (4).
The underlying principle of a corresponding RCS reduction
is based on the array theory [38], in particular, the entire
metasurface architecture exploits the anti-phase reflection
property (recall that meta-atoms are optimized to have 180°
out-of-phase reflection) of periodic arrays to tailor the EM
wavefront. Furthermore, it has been indicated in the literature
that a standard checkerboard configuration disperses the inci-
dent EM energy into four pre-defined scattering lobes [15].
In a related vein, by employing lattices of “Atom 0" and
‘Atom 17 in a random configuration, more scattering lobes
can be realized [16], resulting in an improved RCS reduction
of the overall metasurface.

In this work. the composition of the lattices is determined
by globally optimizing array factor-based approximation
maodel (e.g.. in [18]) using a binary coded genetic algorithm
(GA), as presented in [ 18]. Figure 11 illustrates the optimized
configuration of the coding metasurface comprising thirty six
elements: each of them contains four 4 x 4 periodic lattices
of Atom (0 and Atom 1. The overall size of the structure is
W, x L, = 144 » 144 mm?. Again, the inter-element spacing
among the adjacent meta-atoms is s = 6 mm.

To test the RCS reduction properties of a characterized
metasurface, its monostatic and bistatic RCS performance
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under the plane wave incidence has been evaluated.
Figure 12 shows the monostatic RCS reduction performance
of a coding metasurface. It can be observed that the structure
features RCS reduction in a broad frequency range, i.e., from
15.5 GHz to 34.6 GHz. Furthermore, the 3-D bistatic RCS
patterns of the coding metasurface, and the equivalent size
metallic surface has been illustrated in Fig. 13. It can be
observed that the metallic surface causes strong reflections
in the boresight direction, in a single lobe when the plane
wave impinges on it. Conversely, the coding metasurface
diffuses the incident wave to several directions, which results
in a significant reduction of the energy in the vicinity of the
scattering peak. i.e.. the boresight direction.
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metasurface (right). The plots

B. EXPERIMENTAL VALIDATION

The coding metasurface illustrated in Section. IV. A has
been prototyped and measured to validate the EM simulation
results. A photograph of the fabricated structure is given
in Fig. 14, whereas the measurement setup is demonstrated
in Fig. 15.

FIGURE 14. Photographs of the d ;

Transmitting
and receiving
antennas

FIGURE 15. M

113086

The setup includes a vector network analyzer (VNA), and
a pair of linearly-polarized horn antennas (PE9850/2F-15).
The two antennas are positioned perpendicular to the surface
under test, among them, one of the antennas is for transmis-
sion, whereas the other one for reception of the EM waves.
The experimental setup is realized in a farfield environment.
The scattering performance of the metasurface under test, and
the equivalent metallic surface is evaluated by measuring the
transmission coefficient, captured by the VNA.

/\
2 / \
g T \.\\7’\

26 28 30 32 34 36 38 40
Frequency (GHz)

RCS reduction (dB)

FIGURE 16. Measured (black) and simulated (gray) RCS reduction
performance comparison. The red curve indicates 10-dB RCS reduction
threshold.

Figure 16 shows a decent agreement between measure-
ments and EM simulations. A slight discrepancy between
the two datasets can be attributed to several reasons. Amidst,
the principal factor is the spatial misalignment of the trans-
mitting or receiving antenna with respect to surface under
test. Needless to say, the precise alignment of the structure
with respect to antennas (realized physically) is a challenging
endeavor. A small misalignment here may lead to consid-
erable inconsistencies. Still, the measurement results agree
to 10-dB RCS reduction bandwidth obtained through EM
simulation.

Due to the limited amenities available. the physical exper-
iment is carried out in the frequency range of 26.5 GHz
and 40 GHz. The above findings confirm the utility of the
proposed metasurface design task formulation scheme in the
context of stealth technology applications.

V. CONCLUSION
This article proposes a novel formulation of the metasurface
design task, which enables explicit control over the RCS
reduction at the level of meta-atoms. The design objective is
defined to directly optimize the RCS reduction bandwidth at
the specified level (e.g., 10 dB) with reference to the metallic
surface. The latter is highly desirable in stealth applications.
The introduced formulation account for both the reflection
phases and the amplitudes of the individual meta-atoms, with
the latter being typically disregarded (assumed to be equal
to one) in the conventional formulation. Consequently, our
approach offers a deeper insight into the entire metasurface
properties even through the design process is executed at the
level of unit cells.

The utility of our formulation is demonstrated by devel-
oping a high-performance coding metasurface. The final
design consists of crusader-cross-shaped meta-atom designs
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as a building block of the entire architecture. The design
procedure is implemented using two-fold optimization, ori-
ented toward maximization of the RCS reduction band-
width. The initial stage employs a data-driven strategy to
determine globally optimum meta-atom designs, followed by
simulation-based optimization of the entire metasurface. The
former involves a fast surrogate model that enables global
exploration of the parameter space, otherwise unrealistic due
to a massive number of EM-simulations involved. Owing
to the proposed methodology, only a slight adjustment is
required at the level of entire metasurface. Furthermore,
the system characteristics predicted at the meta-atom design
stage are well aligned with those of the EM-simulated struc-
ture, which reduces the overall computational cost of the
design process. The proposed formulation has been bench-
marked against standard approach demonstrated to be supe-
rior in terms of the anticipated RCS reduction bandwidth, and
rendering a precise control over the RCS reduction threshold.
Finally, the monostatic and bistatic performance of the coding
metasurface have been briefly described. The designed meta-
surface features 10-dB RCS reduction in the frequency range
of 16.5 GHz to 34.6 GHz. The structure has been prototyped
to validate the simulation results. A good agreement between
the two datasets has been observed.

It should be emphasized that the proposed methodology
capitalized on a typically small number of geometry param-
eters describing the meta atoms. Therefore. its scalability for
higher dimension will be limited. In particular, application of
the approach would require a replacement of design of exper-
iments (from grid sampling to, e.g., space-filling designs,
such as Latin Hypercube Sampling, or sequential sampling
methods).
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Abstract: The development of diffusion metasurfaces created new opportunities to elevate the stealth-
iness of combat aircraft. Despite the potential significance of metasurfaces, their rigorous design
methodologies are still lacking, especially in the context of meticulous control over the scattering of
electromagnetic (EM) waves through geometry parameter tuning. Another practical issue is insuf-
ficiency of the existing performance metrics, specifically, monostatic and bistatic evaluation of the
reflectivity, especially at the design stage of metasurfaces. Both provide limited insight into the RCS
reduction properties, with the latter being dependent on the selection of the planes over which the
evaluation takes place. This paper introduces a novel performance metric for evaluating scattering
characteristics of a metasurface, referred to as Normalized Partial Scattering Cross Section (NPSCS).
The metric involves integration of the scattered energy over a specific solid angle, which allows for
a comprehensive assessment of the structure performance in a format largely independent of the
particular arrangement of the scattering lobes. We demonstrate the utility of the introduced metric
using two specific metasurface architectures. In particular, we show that the integral-based metric
can be used to discriminate between the various surface configurations (e.g., checkerboard versus
random), which cannot be conclusively compared using traditional methods. Consequently, the
proposed approach can be a useful tool in benchmarking radar cross section reduction performance
of metamaterial-based, and other types of scattering structures.

Keywords: diffusion; metasurfaces; radar cross section (RCS); performance metrics; bistatic scattering

1. Introduction

In recent years, metasurfaces, with their unique ability to shape the electromagnetic
(EM) wavefront, have attracted increasing attention from researchers and practitioners [1-3].
Some of the areas where metasurfaces found their applications include radar cross section
(RCS) reduction, as well as spatial processing, and polarization conversion techniques [4—6].
The advancements of radar detection technology placed RCS reduction in a forefront of
research on stealth technology [7]. To date, metasurfaces have been extensively exploited
to accomplish essential RCS reduction of the targets [8,9]. One practical design strategy in
this regard is to utilize metamaterials, particularly, exploiting their distinctive property of
manipulating the phase reflection characteristics [10]. It entails a periodic combination of
artificial magnetic conductors (AMC), and perfect electric conductors (PEC), arranged to
attain the desired phase reflection characteristics. To extend the RCS reduction bandwidth
of such structures, the concepts of coding metasurfaces [11], diffusion metasurfaces [12,13],
programmable metasurtaces [14], Huygens’ metasurfaces [15], as well as cloaking struc-
tures [16], have been proposed, which offers control over the wavefront in a more sophis-
ticated manner. The primary advantage of coding and diffusion metasurfaces is that it
scatters the incident EM waves into all directions. In addition to that, coding metasurfaces
are also being exploited as an absorptive surface to realize essential RCS reduction [17].
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The design of metasurfaces requires availability of performance metrics that can be
applied for their assessment, as well as to discriminate between alternative architectures.
The existing metrics developed to measure RCS reduction performance of a diffusion
metasurface are based on evaluating the energy scattered from the target with reference to
the PEC surface featuring the same physical dimension. The scattering characteristics can
be studied in monostatic and bistatic modes of operation [18-23]. The former conforms
to a situation where the transmitter and the receiver radars are collocated, and, hence,
RCS performance of an aircraft is evaluated with respect to a specified position [24]. This
approach provides limited insight into the metasurface properties. In a related vein, a
bistatic mode corresponds to a condition when the transmitter and receiver radars are
stationed at a certain distance between them [24]. Unfortunately, bistatic RCS perfor-
mance is highly dependent on the selection of the planes over which the evaluation takes
place [25], which makes it inconvenient as an evaluation tool for RCS-reduction-oriented
metasurface design. In Reference [26], a figure of merit for bistatic RCS reduction (FMB)
has been introduced (based on the maximum RCS), which is a step forward in making
RCS evaluation angle-independent. However, this metric boils down to considering the
worst-case scenario performance, which may provide an overly pessimistic evaluation
because it is related to the maximum reflection lobe of a small angular spread. With the
development of multi-base radar detection technology, the accomplishment of bistatic
RCS reduction turns out to be a measure of choice, together with the monostatic RCS.
Notwithstanding, comprehensive quantification of the scattered energy in a regime that
is independent of an arbitrary selection of the specific setup, requires the development of
more sophisticated measures of merit. These should be pertinent to both contemporary
needs (as the aforementioned multi-base radars), and the various types of metasurfaces
featuring distinct scattering patterns.

This paper introduces a novel performance metric for evaluating scattering properties
of metasurfaces, which is intended to deliver an effective tool for comprehensive assessment
of RCS reduction characteristics. The metric, referred to as Normalized Partial Scattering
Cross Section (NPSCR), involves numerical integration of the energy scattered from the
target over a solid angle. As a result, a conclusive assessment concerning observability
properties of the diffusion metasurface can be obtained in a way independent of the
particulars of the setup. Furthermore, the metric evaluates the average performance, which
is not biased towards a particular scattering pattern. We demonstrate the significance of
the proposed metric through benchmarking of two specific metasurface architectures. In
particular, we show that the integral-based metric allows for meaningful discrimination
between alternative metasurface setups (e.g., checkerboard versus random) even though
traditional metrics remain inconclusive. The results indicate that the proposed metric
may be a useful tool in the design of scattering metasurfaces featuring improved RCS-
reduction performance.

The remaining part of the article is organized as follows. Section 2 discusses the
motivation of the introduced Normalized Partial Scattering Cross Section (NPSCR). In
Section 3, the underlying concepts behind RCS of scattering metasurfaces are provided,
followed by a brief description of the proposed integral-based metric. In Section 4, we
demonstrate the significance and practical utility of the integral-based metric using two
benchmark examples. Section 5 concludes this paper.

2, Motivation

The key performance indicator in the design of low scattering metasurface is the
RCS reduction characteristics. The design can be evaluated under two types of scattering
conditions, i.e., the monostatic or bistatic ones. Therein, a realistic environment can be
characterized to assess the practical performance of a surface.

The advent of a multi-base radar detection technology demands contemporary stealth
structures to feature nominal RCS. The standard monostatic and bistatic regimes are
illustrated in Figure 1. As shown, the transmitter and the receiver radars are separated by a
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certain distance. In a bistatic mode, the angle between the receiver radar and reflected EM
waves are denoted by f and is referred to as a bistatic angle [27]. It can be observed from
Figure 1 that the bistatic RCS solely depends on the selection of the measuring plane, i.e., it
is increased whenever the plane misses the scattering lobes and drops otherwise. Therefore,
the nature of bistatic characteristics restricts their evaluation to only a single direction
(angle) at a specific instance. Consider Figure 2, where the bistatic RCS performance of a
considered metasuface is evaluated along the three scattering angles, § = 10°, 35°, and 75°.
Expectedly, the results are dependent on the angle of observation. In particular, the best
RCS reduction does not endure at all of the tested angles, and similarly, it varies along the
plane [27-29].

e s s e e ] B s i " N .

5

Bistatic RCS (dBm™)

-100 -50 0 50 100
Theta (degrees)

Figure 2. Exemplary bistatic RCS characteristics at an observation angle B = 10° (gray), 35° (blue)
and 75° (black).

This implies that bistatic performance evaluated at a few selected angles or planes
is insufficient to deliver a comprehensive account for the metasurface properties, which
becomes problematic especially in the design process of high-performance RCS-reduction
metasurfaces. The bistatic RCS characteristics given in Figure 2 are obtained by evaluating
metasurface IV (cf. Section 4). Consequently, a new metric should be developed that
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alleviates the difficulties of the existing methods and is more aligned with the contemporary
needs, including those pertinent to design procedures. In this regard, evaluating RCS
properties along a specified angular spread (e.g., a cone determined by a solid angle «, see
Figure 1) may deliver a more conclusive assessment of the bistatic performance of a surface.

3. Proposed Metric

This section briefly describes the underlying concepts behind RCS of scattering meta-
surfaces, and anchor these to monostatic and bistatic characteristics. Later on, we give a
formal definition of a novel performance metric proposed in this work. Its utility in the
context of metasurface design and evaluation will be demonstrated in Section 4.

3.1. Background Information

The mechanism of a monostatic and bistatic RCS can be understood by recalling a
planar array excited with a progressive phase shift of 180° over a certain frequency band
[23, 300]. The metasurface exploits the anti-phase reflection property of periodic arrays to
control the scattered energy.

To quantitatively illustrate the physical phenomenon, we consider a generalized
configuration of a metasurface (cf. Figure 3) that contains N x N equally-sized lattices
of dimension d. The scattering phase of each lattice is assumed to be ¢(m,1). Under the
normal incidence of the plane waves, the far-field array factor corresponding to the energy
scattered by a metasurface [23] is given as

AF(6,¢, f) = E.(6,9, f)

N N

T T exp{—i{¢(m,n)+ kdsin[(m — 1/2) cosp + (n — 1/2)sin¢]}} M
m=1n=1
where 6 and ¢ denote the elevation and the azimuth angles of a scattering direction,
respectively, f denotes the specified frequency and E.(6,¢f) is the pattern function of a
lattice at a frequency f. Subsequently, the overall directivity of the metasurface can be
obtained as i

4n|AF(6,¢, )|

150 90 -
b Jo |AF(8,¢, f)|2sin6d6d ¢

On the other hand, the principle of RCS reduction is based upon redirecting the inci-
dent EM energy to all directions in the space. More specifically, the RCS of a corresponding
surface at the scattering angles 8 and ¢ at the frequency f can be expressed as

D(8.¢.f) = (2)

o (8,4, f) = XP4nN*d%] "' D(6, 4, f) 6

where A is the free space wavelength.

Rx

é(m,m)

[, £T

Figure 3. A simple configuration of a N x N metasurface.

85



Electronics 2021, 10, 1731

Sofll

Note that the monostatic RCS refers to a specific # and ¢ (e.g., (0,0,f), where 8 = 0°
and ¢ = 0°) at a frequency f. Alternatively, bistatic RCS corresponds to o(#,q¢,f), with
—890° < @ < 90°, whereas @ determines the evaluation plane (e.g., 0° or 50°).

3.2. Novel Integral-Based Performance Metric

As indicated in Section 1, characterization of the RCS reduction using both the monos-
tatic and bistatic approaches is generally insufficient in terms of providing comprehensive
assessment of metasurface performance, especially in the light of modern circumstances
(e.g., multi-base radars). Furthermore, bistatic RCS may be misleading due to being highly
dependent on the choice of the evaluation planes.

In order to mitigate these issues, this work proposes a novel, integral-based, perfor-
mance metric, referred to as Normalized Partial Scattering Cross Section (NPSCR). It is
be defined as the metric involving numerical integration of the energy scattered from the
target over a solid angle £2 = (8,¢) € [fp, 90°] x [-180°, 180°], where 8, is the angle
defining the considered range (). Analytically, it is formulated as

(0, f)d0

FoP(0), )d0 @

walf) = |
where o7 is the RCS of a perfect electric conductor (PEC) having the same physical dimen-
sion. In other words, o, represents the RCS of the corresponding metasurface averaged
over a solid angle €} normalized to the same of the PEC surface. A scalarized version of the
metric, which may be more convenient for, e.g., design optimization purposes, is defined as

fu
o= {fu—fil™ [f oalf) df 5)

where f; and fi; determine the frequency range of interest. Thus, ¢ is the average RCS
performance over the frequency interval [fz, fu].

An important advantage of the metrics (4) and (5) is that it is not biased towards a
particular scattering pattern. As a result, a conclusive assessment concerning the observable
properties of the diffusion metasurface can be obtained in a way independent of the
particulars of the setup (e.g., the choice of the evaluation plane for a bistatic mode). It should
be noted that NPSCR exhibits certain resemblance to the Scattering Cross Section [30],
although it is more specific in terms of being defined over a pre-defined frequency spectrum
and the angular spread of the scattering directions.

4. Numerical Results and Discussions

This section demonstrates the significance and practical utility of the integral-based
metric introduced in Section 3, using two specific metasurface examples. We start by bench-
marking the two architectures of similar underlying designs but with different arrangement
of the lattices. Subsequently, we consider performance discrimination between the four
alternative metasurface designs.

4.1. Case Study |

Owr first verification case is a coding metasurface employing crusader-cross-shaped unit
cells. The structure is implemented on a ground-backed Arlon AD250 lossy substrate (er = 2.5,
h = 1.5 mm, tand = 0.0018). The overall size of each surface is W x L= 144 % 144 mmZ.
The topology of the cell, and the two configurations of the metasurface are shown in
Figures 4 and 5, respectively. For the sake of brevity, we omit the detailed information
about cell parameterization (cf. [31]). The CST Microwave Studio is used to evaluate the
field performance of all metasurfaces considered in this work.
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Figure 4. Topology of the crusader-cross-shaped unit cell.
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(a) (b)
Figure 5. (a) Configuration of the checkerboard; (b) optimized metasurface architectures.

One of the considered metasurfaces is a standard checkerboard configuration, whereas
in the second case, the composition of the lattices is determined by globally optimizing (1)
using binary coded genetic algorithm, as presented in [28].

Our target is to assess the RCS reduction performance of the two architectures, thus
determining the recommended structure. First, we attempt to discriminate between the
two structures by means of the existing measures of merits, i.e., the monostatic and bistatic
RCS. Figure 6 shows the monostatic and bistatic RCS performance of the two designs. It can
be observed that neither of these metrics allows for conclusive determination of the better-
performing structure. On the one hand, considering the monostatic RCS characteristics,
the optimized metasurface is superior. On the other hand, the checkerboard architecture
features lower bistatic RCS than the optimized surface; however, this is only for a specific
plane, and a specific frequency. As mentioned before, bistatic evaluation is ambiguous
mainly due to dependence of the plane selection and the particular scattering pattern of
the surface.
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Figure 6. Monostatic (top) and bistatic at 28 GHz (bottom) RCS characteristics of the two metasur-
faces. The bistatic RCS is evaluated at # = 0° and ¢ = 0°. The monostatic performance is normalized
to the reference PEC surface. The black and blue color corresponds to checkerboard and optimized
metasurface performance, respectively.

At this point, we apply the proposed integral-based metric to evaluate the considered
architectures. Figure 7 shows two cases, parameterized by the solid angle: 6pmin = 30°
(i.e., 2 = [30°, 90°] x [—180°, 180°]) and fpmin = 45° (i.e., Q2 = [45°, 90°] x [—180°, 180°])
(cf. Section 3.2). It can be observed that regardless of 8,,;,, the optimized metasurface
features better RCS reduction properties than the checkerboard version over a wide range
of frequencies. Furthermore, the average RCS performance (cf. (5)) for the checkerboard
and the optimized metasurfaces is 11.49 and 20.87 for min = 30°; for fmin = 45° the figures
are 11.56 and 20.89, respectively. Please note that the end-result in Figure 7 involves
integration of the overall scattering performance of the metasurface, therefore, the response
at two solid angles, i.e., at fmin = 30° and Bmin = 45°, seem to be almost the same. Thus, the
optimized metasurface is conclusively superior in terms of the integral-based metric.



Electronics 2021, 10, 1731

Sofll

0 ; ' .
15 20 25 30 35

Frequency (GHz)

D It i L It It
15 20 25 30 33

Frequency (GHz)

Figure 7. RCS performance evaluated using NPSCS of (4) when 8, = 30° (top) and when 8, = 45°
{bottom). The black and blue color corresponds to checkerboard and optimized metasurface perfor-
mance, respectively.

4.2, Case Study 11

The second demonstration example involves four metasurfaces implemented using
entirely different unit cell topologies as shown in Figure 8. The first metasurface is based
on a design of [25], the second, and the third ones were presented in [28,29], respectively,
hereafter referred to as metasurface I, II, and 111, respectively. The fourth surface involves
the underlying unit cell topology as given in Figure 4, hereafter referred to as metasurface
IV. All the designs are further adjusted to obtain the optimal performance in the sense of
maximizing monostatic RCS reduction bandwidth.

In this study, the aim is to quantify the RCS reduction performance of these metasur-
face architectures using the integral-based metric. For fair assessment, the comparison is
carried out in terms of the average RCS performance (5) calculated over the frequency in-
tervals corresponding to the 10 dB monostatic RCS reduction bandwidths of the respective
surfaces. For each case, five angular spreads are considered, parameterized by the solid
angle: Byin = 10°, 20°, 30°, 40°, 50° (Le., {1 = [fpin, 90°] x [-180°, 180°]), of. Section 3.2.
The results are presented in Table 1. It can be observed that metasurfaces Il and IV are
superior over metasurfaces I and II for Byin > 20°, and their performance is similar to each
other. This means that for the vast majority of operating conditions in terms of #,,,;,, the
last two structures are conclusively better and the difference is significant (performance
improvement by a factor of about 2.5 over the first two structures). Only for the lowest
value, 8, = 10°, does metasurface I exhibit the best properties.
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Figure 8. Configuration of the metasurfaces; (a) metasurface [ [25], (b) metasurface 1L [28], (¢) meta-
surface I1I [29], and (d) metasurface IV.

Table 1. Performance Comparison of Different Metasurface Designs.

Polarization Average RCS Performance (5)
Diesi,

& Dependent Bpis = 10° i = 20° B,i0 = 30° i = 40° B = 507
Metasurface [ Yes 37.0 52 44 43 43
Metasurface I1 Yes 142 51 42 40 39
Metasurface 111 - 139 120 104 9.9 9.7
Metasurface IV MNo 15.6 10.1 9.8 92 91

It should be reiterated that the proposed metric is independent of the choice of the
evaluation plane (as in the case of bistatic performance), which seems to be much more
practical having in mind that the specific spatial (and angular) relationship between the
target (e.g., an aircraft) and the ground infrastructure (radar) is unknown beforehand.

5. Conclusions

This paper introduces a new performance metric, referred to as Normalized Partial
Scattering Cross Section (NPSCS), for quantifying scattering properties of the metasurfaces.
It entails evaluating the total energy scattered from the target over a solid angle. NPSCS
allows for a conclusive assessment of the observability properties of the diffusion meta-
surface, which can be obtained in a way independent of the particulars of the setup (e.g.,
the choice of the evaluation plane for a bistatic mode). Moreover, the metric evaluates
the average performance, which is not biased towards a particular scattering pattern. The
significance and practical utility of NPSCS has been demonstrated by benchmarking two
pertinent metasurface examples. The results indicate that the NPSCS complements the
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existing metrics. In particular, it can be considered a potentially attractive evaluation tool

in the design of scattering metasurfaces featuring improved RCS-reduction performance.

A potential disadvantage of the proposed metric is its slightly more involved formulation,
which required numerical integration to evaluate NPSCS; however, when implemented
using a specific programming environment, this complexity is hidden from the user.
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Chapter 8

8 Conclusion and Future Directions

This chapter provides a brief summary of the thesis and outlines possible future research
directions that might originate from the work carried out so far, but also addresses a number
of open problems related to the design of scattering metasurfaces for modern stealth systems,
as well as other practical applications.

8.1 Conclusion

The main focus of this work was to develop computationally efficient surrogate-
modelling-based procedures for design of scattering metasurface architectures, including
dedicated algorithmic frameworks for metasurface optimization. The obtained numerical and
experimental results indicate that the goals of this dissertation have been accomplished, and
results have been positively validated.

As demonstrated, appropriate combination of the design task formulation developed
having in mind the problem-specific knowledge (e.g., possible issues related to
discontinuities of the objective functions), data-driven strategies, fast-to-evaluate
replacement models, surrogate-assisted techniques, and EM-driven fine tuning, allow for
efficient design optimization of computationally expensive EM models of scattering
metasurface structures. The latter is particularly desirable in the stealth technology,
empowering combat aircrafts to potentially evade the enemy’s radar to a satisfactory extent.
In a similar vein, the cost of obtaining accurate replacement models (pertinent for the
considered design frameworks) grows very quickly with dimensionality of the design space.
These, and other challenges have been addressed in the course of this work. Furthermore,
several metasurface configurations have been considered, employed as verification cases to
test the efficacy of our design frameworks, but also optimized to provide high-performance
alternatives to the existing metasurface configurations.

It should be emphasized that machine-learning-based algorithmic framework introduced
in this study offers several advantages over conventional design methodologies, such as
global exploration capability, EM-driven fine tuning facilitated by a decent initial design
rendered at global search stage, along with the explicit control over the RCS reduction
characteristics at the level of unit-cell design. Furthermore, the considered design
optimization approach has led to the development of novel metasurfaces featuring broadband
RCS reduction performance. Specific contributions in all aspects of the work have been
detailed in the previous chapters.



8.2 Future Directions

The work conducted for the purpose of this dissertation can be extended in many different
directions related to the design optimization of scattering metasurfaces for modern stealth
systems as well as other applications. Some important topics that might be considered

include:

1.

The design frameworks developed in this thesis can be adopted to design
metamaterials and metasurfaces for other application areas so as to address the
challenges specific to the respective fields. These include but are not limited to
high-gain antennas, absorbers, frequency selective surfaces (FSS), optical filters,
radomes, and medical devices, but also for conducting pertinent studies, among
others, on suitability of particular algorithmic solutions/modifications for design
optimization in these applications;

In this study, we mostly rely on data-driven strategy to obtain optimal unit-cell
geometries. However, it is worth mentioning that more generic approaches are
also possible, where parametric optimization of the unit-cells (and the
metasurface) of a fixed geometry is replaced by topology optimization. In this
case, the entire geometry of the metasurface is subject to the optimization process,
which brings in additional degrees of freedom. This type of optimization tasks
could be realized by means of the inverse modelling methods;

Another (quantitatively significant) enhancement would be to completely change
the strategy of arranging the arrays unit-cells in a coding metasurface
configuration, i.e., to use deterministic procedures rather than metaheuristic. This
could be realized by finding the path connecting the optimal designs using
methods similar to pattern search and operating directly on surrogate-based
replacement models;

Although non-planar structures seem to be more widespread in real-life
applications, in this dissertation, we focused on planar structures because of the
ease of fabrication. Nevertheless, our design optimization frameworks, and
proposed designs for RCS reduction are quite feasible for both conformal and
curved structures. Specifically, flexible material and direct wave printing or
prismatic structures can be used for such purpose, which—however—
significantly increases the fabrication cost;

Altogether, this study can be considered a step towards exploring potential
applications of machine learning techniques in a high-frequency design,
specifically, in the realm of low-observability systems, where intuition-inspired
methods are still predominantly employed as foundations of the design
procedures. With the development of machine learning techniques, an increasing
contribution of automated CAD approaches can be fostered, among others, to learn
the physical behaviour of the system response to input parameters, under
controlled boundary conditions. This work demonstrates one promising
application field, i.e., predicting the reflection response in real-time-computation.
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